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Abstract
This work describes the experimental optimisation, characterisation and potential 
application of protein-specific molecularly imprinted polymers (MIPs), with a view to 
employing the resulting hydrogel based smart-material (HydroMIPs) as the selective 
recognition element of a biosensor strategy.
Molecular imprinting (MI) involves the production of polymeric recognition materials 
that exhibit a molecular memory towards a pre-determined template molecule. We have 
tailored a methodology where polyacrylamide is employed as the material within which 
proteins are entrapped. The subsequent removal of the template leaves an imprinted 
cavity that shows a selective and specific affinity towards the original template molecule. 
We have extensively optimised the production of HydroMIPs, having investigated key 
variables involved in producing the localised architecture around which the imprinted 
sites are formed. We also report the optimisation of the template removal process, and in 
all cases demonstrate a distinctive recognition effect in relation to non-imprinted controls. 
A high degree of selectivity towards the template molecule is exhibited by the 
HydroMIPs (in relation to proteins analogous to that of the template). As a result, the 
proposal of a generic imprinting methodology, which can be applied to the imprinting of a 
variety of biomolecules is made.
Characterisation using a series of high-powered imaging techniques has also been 
performed. Confocal microscopy of FITC-albumin imprinted HydroMIPs has detailed 
the HydroMIP structure in its natural form, with the fluorescently labelled template- 
protein detailing the orientation of imprinted cavities within the polymer. Images of the 
in situ real-time imaging of template removal studies are also presented. Transmission 
electron microscopy (TEM), has been used in conjunction with a novel cryogenic 
preparation technique, freeze etching and immunohistochemical procedures. Electron 
micrographs are presented that detail imprinted cavities within the HydroMIP matrix that 
are 5.5nm in diameter -  the size of the original template molecule (bovine haemoglobin - 
BHb). Cavities were also observed that were up to 20nm in diameter, which suggests that 
imprinted sites formed to an agglomeration of template molecules. Such structural 
features were not observed in images of the HydroNIP controls prepared in an identical
11
manner (in the absence of template). Atomic force microscopy (AFM) was also used to 
interrogate the BHb-HydroMIPs. Topographic images acquired in contact mode further 
corroborated the data obtained following TEM analysis. Force curve measurements were 
taken using bio-modified AFM probes. A significantly greater force was required to 
withdraw the template-modified probe from the cavity containing HydroMIP sample 
compared to that of the HydroNIP control (23.08nN ± 0.31 and 18.90nN ± 0.31 
respectively). Substantial forces were also required to withdraw an AFM probe (modified 
with an antibody raised against the template) from template containing samples compared 
to that of samples prepared (largely) in the absence of template (before template removal 
= 14.87nN ± 0.33nN; after template removal = 11.22nN ± 0.18nN; after template 
rebinding = 14.77nN ± 0.53nN & HydroNIP control = 9.60nN ± 1.78nN).
The BHb-HydroMIP was incorporated as the selective recognition element of an optical 
biosensor system with Dual Polarisation Interferometry (DPI) employed as the method of 
analysis. The template molecule was deposited upon the sensor surface with the 
HydroMIP and HydroNIP gels flowed across the surface. Changes in the density and 
orientation of bound protein upon the sensor surface allowed the quantification of an 
imprinting effect. The cavity containing HydroMIP removed a significantly greater 
amount of template protein (layer thickness and mass decrease of 1.17nm and 
0.22ng/mm^ respectively) in relation to HydroNIP control gels, where no template 
stripping effect was observed.
This study makes a substantial contribution to the understanding of aqueous-phase 
molecular imprinting strategies and holds much promise for the future imprinting of 
biomolecules of clinical significance.
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CHAPTER 1
INTRODUCTION
For many years, the continual need for novel, fast and efficient diagnostic methods within 
the pharmaceutical, biomedical, clinical and environmental sectors have fuelled much 
research into the development of highly sensitive analytical procedures. One of the 
primary motivations has been to further the design and manufacture of biomimetic 
receptor systems that are capable of binding a target molecule with similar specificity and 
affinity to those demonstrated by antibodies, which are still considered to be the gold 
standard analytical technique.
Despite their widespread use in a laboratory setting, immunological based analytical 
procedures do have various inherent disadvantages such as being unstable, low 
availability and displaying irreversible binding that prevents re-use. Most notably, the 
cost and ethical considerations involved in producing antibodies present themselves as 
considerable problems.
This thesis details the development of a novel, artificial hydrogel-based molecular 
recognition material for biomolecules of clinical significance that may eventually 
challenge and compete with their natural biological counterparts. The optimisation of the 
polymeric material for selective protein recognition is discussed, as is the subsequent 
characterisation performed, allowing the description of the molecular interactions that 
occur. Data is also presented and discussed, suggesting the potential applications of the 
hydrogels as the selective recognition element of a biosensor strategy.
1.1 Historical Aspects of Molecular Imprinting
There are many differing examples of systems that have been developed with the sole 
purpose of acquiring structures capable of pre-selected molecular recognition. Examples 
of these systems occur not only in modem chemical laboratories, but also readily in 
nature. Integral to the concept of molecular recognition is the intentional use of templates 
to achieve specific and selective interactions\ There are several different classification
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systems that exist for templates, o f which, the subdivision into linear, concave and convex
is most common
Scheme A
Scheme B Scheme C
Figure 1.1 Function of three differing classes of template (T). Scheme A: A linear 
template directing the assembly of daughter polymer. Scheme B: A convex 
template, coordinating external assembly. Scheme C: A concave template 
coordinating internal assembly .^
DNA and RNA are examples of linear template systems, with the common feature being a 
linear template, typically a macromolecule, controlling the sequence of the 
polymerisation reaction" .^ Every living cell offers multiple examples of concave 
templates, in the form of polynucleotide enzymes^. Convex template systems are 
responsible for directing the synthesis of Molecularly Imprinted Polymers (MIPs).
MIPs have become an important tool in the preparation of artificial and robust recognition 
materials that are capable of mimicking natural systems, which when compared to natural 
molecular recognition products such as antibodies, bring advantages such as durability, 
specificity and ease of mass production, which previously have not been offered by 
alternative techniques.
Modem interpretation of the underlying concepts of molecular imprinting (MI) did not 
emerge until the latter half of the nineteenth century, primarily through the work of van 
der Waal in his studies of the interaction of atoms in the gaseous state, with his findings 
now forming a fundamental notion within ML This was built upon further when Fischer 
proposed his now famous "lock and key" analogy that describes the way in which an 
enzyme interacts with a substrate, claiming that indentations on the enzyme surface that 
were complimentary to the shape of its specific substrate, allowed for the interaction to 
occur.
It appears that the first known examples of MI occurred independently as a result of very 
different motivations. The Soviet chemist M.V. Polyakov investigated silica as a 
chromatographic material with template selectivity suggested to arise as a result of 
stmctural changes in the silica '^ .^ At the time of Polyakov's findings, the attention of the 
scientific community was primarily focussed on biochemical and biomolecular structures 
research. One of the most notable contributors of the time was Linus Pauling. Pauling 
postulated that the great diversity in antibody construction was due to the formation of 
different three-dimensional configurations of antibody polypeptide chains, induced by 
their interaction with antigens^. This described (in effect), what we now term 'bio- 
imprinting' and was first reported in 1942, with the description of the non-covalent 
modification of serum globins^^’^  ^ and subsequently, dyes were used as templates in the 
evaluation and recognition of resistant silica polymers
Several groups subsequently combined Paulings initial understanding, with the host-guest 
principles proposed by the Nobel-winning work of Cram, Lehn and Pedersen "^ '^^ .^ In the 
1970's, the independent works of Wulff^  ^ and Klotz^  ^ demonstrated the formation of 
covalent bonds between a monomer and template molecule, followed by template 
cleavage to yield specific binding sites
MI today is an established and well-known technique. This is largely due to the work of 
Mosbach and c o - w o r k e r s M o s b a c h  applied Paulings original concept of antibody 
formation to the synthesis of artificial antibodies^\ where the pre-assembling of a non- 
covalently associated monomer-template complex was performed in solution prior to 
polymer formation, and it is this method that is still by far the most utilised.
1.2 Principles of MI
MI is a generic term used to describe a process that typically involves a template 
molecule acting as a substrate or antigen analogue that is associated with a number of so 
called 'functional monomers' in a solvent (porogen), prior to the addition of a cross-linker 
and a polymerisation initiator. After polymerisation, the template is extracted from the 
three-dimensional polymer network leaving an imprint in the polymer material which 
bears a steric arrangement of interactive groups defined by the structure of the template 
molecule. This process introduces a molecular memory to the newly formed polymer 
material, which is then capable of selectively rebinding the template molecule of interest.
Currently, two basic approaches to MI exist, which are typically performed in organic 
solvents, and known as 'traditional' or 'classical' MI^ .^ In the pre-organised or covalent 
approach^the  template is chemically derivatised with molecules containing 
polymerisable groups using reversible covalent bond forming techniques. The aim of this 
method is to produce an 'exact fit' recognition site, in which the same chemical bonds in 
the initial template-monomer complex reform during any subsequent binding of the 
imprinted polymer cast. Removing the template from the resulting polymer requires only 
mild chemical cleavage, leaving a polymer cavity with the spatial arrangement necessary 
to rebind the template. Traditionally, covalent MI has been performed using 
condensation reactions including boronate esters^^’^ ,^ Schiff s bases^ "^ ’^ ,^ and ketals^^’^ .^
The self-assembly approach^^ involves the pre-arrangement between the template 
molecule and the functional monomers, formed by non-covalent interactions^^ (Figure 
1.2). This approach is much faster and simpler than the covalent approach and is a more 
flexible technique considering the vast choice of functional monomers, possible target 
molecules and the use of imprinted materials. It is believed that the functional monomers 
become spatially fixed within the matrix, which is both sterically and chemically 
complimentary to the template. As no covalent bonds are formed between the template 
molecule and functional monomers, template removal simply involves washing 
repeatedly in a suitable solvent. With this method, the pre-polymerisation complex is an 
equilibrium system, the stability of which depends on the affinity constants between 
imprint molecule and functional monomers. On a per-bond basis, non-covalent bonds are
1-3 orders of magnitude weaker than covalent bonds, and as a result, a greater degree of 
non-covalent bonding (with matching structural orientation) is required for the self- 
assembly approacb^^.
Template polymerizeassem bly Template Template
(binding)
rem ove tem plate
re-bind tem plate
Figure 1.2 Schematic representation of a (non-covalent) molecular imprinting 
process.
In addition to these two fundamental imprinting techniques, a hybrid of the two 
mechanisms has been suggested where the polymerisation is performed in the presence of 
a template covalently linked with the functional monomer, followed by the cleavage of 
the template via de-carboxylation leaving imprints able to interact non-covalently with the 
template^^. This method has effectively led to the development of a methodology termed 
'sacrificial spacing'. Furthermore, a 'semi-covalenf procedure has been developed that 
combines both covalent and non-covalent imprinting principle^ In all cases, MIPs are 
generally prepared as dense polymer monoliths that must either be ground or crushed 
prior to template removal, which is performed in organic solvents.
The advantages and disadvantages of the two main approaches differ considerably and 
should be considered in relation to the requirements of final imprinted polymer. In 
general, covalent approaches tend to exhibit low degrees of non-specific interactions that 
arise due to the stoichiometric nature of the imprinting process. The distinct disadvantage 
of this method is the unavoidable need for synthetic chemistry to be performed. In 
contrast, the non-covalent approach requires little or no synthetic chemistry and a 
substantial range of chemical functionalities can be targeted^^. Flowever, non-covalently 
imprinted polymers do tend to display receptor sites that are heterogeneous in nature and 
of a low affinity. From this point, all references to MI will be made in reference to the 
non-covalent approach unless otherwise stated.
1.3
1.3.1
Imprinting Considerations
Versatility
MIPs provide a combination of mechanical and chemical robustness with highly selective 
molecular recognition properties. They are extremely practical compounds as they can be 
stored in a dry state at ambient temperatures for several years without loss of recognition 
capabilities and are prepared simply and inexpensively. Additionally, the generation of 
molecular imprints does not involve the use of laboratory animals or any material of 
biological origin (other than the potential use of a biological imprint molecule), as is 
necessary in the production of antibodies. There is also the potential to produce MIPs for 
analytes that traditionally cause a major problem when attempting to raise antibodies for 
them, such as highly lipophilic analytes, short peptides and highly toxic compounds. A 
summary of the advantages and disadvantages of synthetic receptors based on MIPs is 
given in Table 1.1.
Advantages Disadvantages
Cost-effective alternative to biomolecule- 
based recognition
Lower catalytic capabilities than 
biological counterparts
Ease of preparation; enhanced thermal 
and chemical stability vs. antibodies
Binding site heterogeneity providing a 
distribution of binding site affinities
Can be prepared in different formats 
(bead/block/thin film) depending upon 
application
Template bleeding require suitable 
template analogue for imprinting step and 
affects quantitative applications
Can be stored for years without loss of 
affinity for target analyte
Grinding and sieving of bulk polymer is 
labour intensive and inefficient in 
material yield.
Table 1.1 Summary of the advantages and disadvantages of synthetic receptors 
based on non-covalently prepared molecularly imprinted polymers for analytical
applications34
1.3.2 Template Molecule
Molecular imprints have been demonstrated for many classes of molecules ineluding 
drugs^ ,^ pestieides^^, amino aeids^ ,^ peptides^^, nucleotides^^, nucleotide bases"^ ,^ 
steroids"^\ sugars"^  ^ and hormones"^ ,^ with the imprinting of small organic molecules now 
well established and almost routine.
Metals and other ions have also been used as templates to induce the specific arrangement 
of functional groups in the imprinting matrix'^ '^ '^ .^ Larger organic compounds such as 
peptides have also been imprinted via similar techniques, but generally the imprinting of 
large biological structures remains a challenge. Biological molecules require an aqueous 
environment to maintain their structure, yet traditional approaches to MI rely upon 
organic solvents to promote the intermolecular forces that are integral to the formation of 
host-guest complexes.
1.3.3 Functional Monomer
The role of the functional monomer in MI is to weakly interact with the template 
molecule with non-covalent interactions such as van der Waals forces, electrostatic and 
hydrogen bonding"^ .^ This occurs at one end of the monomer molecule, leaving the free 
unbound end of the monomer chain to covalently bond to the eross-linking molecule. The 
functional monomers are sometimes considered analogous to the twenty common amino 
acids that constitute the building blocks of all proteins.
Methacrylic acid remains the most commonly employed functional monomer, due to its 
ability to participate in ion-ion, ion-dipole and dipole-dipole complexing^^’"^  ^ and as a 
result, there has been reliance upon its use. This can be said of several functional 
monomers and occurs due to the demonstration of a reproducible imprinting effect, rather 
than a choice governed by predicted template-monomer chemistries that may occur. In 
saying that, a large variety of acidie"^ ’^^®, basic^^’^  ^ and neutral functional monomers^^’^"^ 
have been successfully employed in MI
OH NH.
Methacrylic Acid Acrylamide
Vinylpyridine Methylmethacrylate
Figure 1.3 Examples of functional monomers commonly employed in molecular 
imprinting protocols.
Combinatorial approaches to MI attempt to perform a more systematic evaluation of 
polymer compositions, rather than relying solely upon experience of the technique to 
govern the choice of imprinting parameters. This ean oceur in a number of ways.
Computational assessment of MI utilises vast libraries of funetional monomers to predict 
the manner in which the monomers will interact with the template^^’^ .^ Multiple co­
monomer complexes have also been extensively employed in the design of imprinting 
strategies^^’^  ^ as the combination of specific monomers for a particular target of interest 
present the possibility of producing truly 'tailor-made' monomer complexes. The suceess 
of sueh an approaeh depends upon the use of monomers with strong interactions with the 
target molecule but with weak non-productive interaetions with eaeh other^ .^ It is also 
possible to prepare custom functional monomers, with many exeellent examples 
reported^^’^ .^ However, this approach tends to lean back towards covalent methodologies, 
as a substantial amount of synthetic chemistry is invariably involved in producing such 
monomers.
1.3.4 Cross-Linking
The cross-linking agent is also a key variable in MI as it provides the necessary struetural 
seaffolding on which the MIP is formed, and is therefore the major fraction of the
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physical constitution of the polymer (typically 85 - 90% by weight)^\ A high degree of 
cross-linking is necessary for achieving the structural integrity that results in template 
specificity, but high proportions of cross-linker result in rigid structures that are difficult 
to physically manipulate, which can be experimentally problematic. The percentage 
composition of the cross-linker in relation to the total functional monomer composition 
determines the total percentage cross-linking. Figure 1.4 demonstrates the cross-linking 
density theory. As percentage cross-linking increases, so does the density of the polymer 
matrix, therefore increasing the number of potential imprinted sites due to an improved 
structural architecture. As a direct result however, physical manipulation of the polymer 
becomes difficult, and the degree of template removal decreases.
15% 10% 5%
Figure 1.4 Schematic describing the percentage cross-linking density theory of a 
molecular imprinting strategy.
As with funetional monomers, a great number of cross-linkers are available that offer 
variations in structural characteristics such as rigidity, stability, porosity and 
hydrophobicity (Figure 1.5). Originally, the cross-linkers of choice were isomers of 
divinylbenzene, hut later it was found that acrylic or methacyrlic acid based systems such 
as ethylene glyeol dimethacrylate (EGDMA) were favourable^ Subsequently, it has 
been shown that novel cross-linkers such as trimethylolpropane trimethacrylate (TRIM)^^ 
and pentaerythritol triacrylate (PETA)^  ^ are superior to EGDMA, which only serves to 
highlight the variations available and considerations to be made when considering the 
experimental eomponents of a MIP.
NH NH
Ethyleneglycol Dimethacrylate N,N’-Methylene-bis-acrylamide
Figure 1.5 Examples of cross-linkers commonly employed in molecular 
imprinting protocols.
1.3.5 Polymerisation
When conducting a MI protocol, the tcmplatc-monomcr association and cross-linking of 
the structure all occurs in solution. In order for the polymer matrix to form, a 
polymerisation reaction must occur, which creates the molecular scaffold in which the 
template is entrapped. This can occur in several ways, but most commonly occurs by free 
radical polymerisation (FRP). FRP has three distinct stages; initiation, proporgation and 
termination, as shown in Figure 1.6.
Initiation I—I - ^ 2 1 *  (equation I)
I* + M I—M* (equation 2)
Propagation I—M* + nM —> I—M*„+i (equation 3)
Termination 2 I—M*„+i I—Mm—I (equation 4)
Figure 1.6 The three stages of FRP, where I is the initiator, I* is the active 
radical, M is the functional monomer and I-M* is the initial monomer radical.
FRP is an incredibly useful reaction that is commonly exploited in the manufacture of 
commercially important plastics. The feature that makes FRP important in so many fields 
is the amazing versatility of the technique; it can be performed easily in bulk or in 
solution at ambient temperatures, at atmospheric pressure, and is tolerant of impurities. 
This makes the technique ideally suited to preparing MIPs. Free radicals display great 
chemical reactivity towards carbon-carbon double bonds and are completely inert to many
10
other organic groups. Therefore, there are a huge variety of monomers that can be 
polymerised by this technique, which has subsequently led to many applications.
FRP can also occur spontaneously, due to the nature of the initiating precursor. This is 
true of polymer hydrogels, where polyacrylamide polymerisation is initiated by 
ammonium persulfate (APS) (in the presence of the cross-linker N, N'- 
methylenebisacrylamide (bisacrylamide) and the catalyst N,N,N,N-T etramethyl- 
Ethylenediamine (TEMED)).
1.3.6 Solvent
The solvent, or porogen, plays one of the most important roles in dictating the success of 
a MI process, as the strength of non-covalent interactions, along with the immediate 
influence upon polymer morphology is governed by the solvent. The choice of solvent is 
regulated by three characteristics: the ability to solubilise the constituents, the effects 
upon porosity and surface area, and the effects upon templateimonomer complexing.
The best imprinting porogens for accentuating the binding strengths are solvents of a very 
low dielectric constant such as toluene and dichloromethane. Apolar organic solvents are 
used to maximise the strengths of the non-covalent interactions involved in cavity 
formation. Conversely, binding strengths have been shown to be significantly reduced in 
aqueous solutions due to the high polarity of water, resulting in poorer recognition"^\ The 
use of more polar solvents will weaken the interactive forces formed between the print 
species and the functional monomers resulting in poorer recognition.
However, relatively polar solvents such as acetonitrile^"  ^ are commonly used, as the 
benefit of their effect upon the macroporous polymer pore size outweighs the drawbacks 
of weakened attractive forces. Subsequent specific recognition of the imprint molecule 
by the imprint polymer is strongest under conditions that most closely resemble the 
'cocktail' used for polymer synthesis. This avoids problems associated with the matrix 
swelling, which in turn leads to three dimensional configuration changes of the functional 
groups involved in recognition.
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Many medical and environmental analytes are present in forms and concentrations that do 
not lend themselves well to an organic solvent environment. Therefore, it is often 
necessary to perform pre-concentration and clean up steps, most commonly liquid-liquid
extraction^^.
For many applications an extraction step into an organic solvent is laborious and assays 
would be simpler and more widely accepted if they could be performed directly in the 
sample matrix, which whether for medical or environmental applications, is usually 
aqueous. Therefore, from the emergence of the technique, there has been a driving force 
to adapt molecular imprinting assays to aqueous solvents or organic/aqueous co-solvent 
mixtures. Although progress has been made to transfer the technique to polar protic 
solvents, a truly general method for aqueous phase MI using the non-covalent approach is 
yet to be developed.
1.4 Aqueous Phase MI
Molecular imprinting has the potential to play an important role in many diverse scientific 
fields in years to come. The key areas that are retarding the natural progression of the 
technique include reliance upon organic solvents, difficulty to imprint large molecules, 
and a general inability to easily perform reproducible polymer chemistry that yields a 
standardised preparation procedure. However, the simple fact remains that combining the 
advantages of synthetic plastics such as low cost, durability and robustness, with the 
recognition properties of natural receptors, highlights the potential worth in furthering the 
field of aqueous phase MI and developing imprinting protocols for large biological 
structures.
In most applications, traditional MIPs have been hard to adapt to aqueous conditions. 
This is firstly and in part to do with the specific polar interactions between good 
imprinted sites and the analyte that become weakened in an aqueous environment, and 
secondly due to the non-specific (hydrophobic) interactions between other small 
molecules and the polymer matrix that become strengthened. However, as long as the 
best recognition sites retain their selectivity, many MIP based assays have been applied to 
aqueous conditions. Also, many assays have first been developed in organic solvent with
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secondary studies performed to find optimal conditions for aqueous a n a l y s i s " ^ T h i s  
so called "solvent switching" strategy, although effective in facilitating analysis in the 
aqueous phase does not fully address the problems associated with true aqueous phase 
molecular imprinting. This is almost entirely due to the heavy reliance upon organic 
solvents, as the sample is only "loaded" in an aqueous medium, with subsequent detection 
performed in the original porogen. However, although the vast majority of the literature 
to date describes the interaction of polar functional groups, the polymer matrix within 
which the template is entrapped does contribute towards differing degrees of hydrophobic 
polymer-template interactions. There has been a significant number of publications that 
report of non-covalently imprinted polymers that recognise their respective templates, in 
the absence of hydrogen bonding in an aqueous media"*^ ’^ .^ This clearly suggests that 
although still a considerable challenge, imprinting within an aqueous media is distinctly 
possible.
Another driving force behind the development of MI technologies, along with the move 
towards aqueous phase imprinting, is the molecular imprinting of large biological 
molecules. Historically, MI has been reserved for low molecular weight molecules and is 
now considered commonplace and routine.
The benefits of MI as an analytical technique are such that if developments in technology 
allowed the formation of MIPs specific to larger molecules such as proteins and enzymes, 
then the impact upon diagnostic clinical strategies would be immense, as the rapid 
screening, diagnosis and therapeutic monitoring of many pathophysiological conditions 
would become possible.
The structural nature of proteins do not lend themselves well to residing within the 
organic solvents that are traditionally employed in MI. Since the non-polar side chains 
(that are proximal upon the external protein structure) are more soluble in organic 
solvents than in water, the hydrophobic interactions that maintain the highly folded 
quaternary structure of proteins are weakened considerably. This results in a loss of 
structure and specificity leading to precipitation and dénaturation.
Additionally, high ratios of cross-linker to functional monomer are traditionally used (to 
minimise macromolecular chain relaxation and swelling phenomena) resulting in a highly
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cross-linked polymer matrix with a low molecular mass between cross-links. This 
invariably makes template removal (especially with large molecules) extremely difficult, 
particularly when considering that organic solvents would not be a suitable tool for use as 
either the imprinting porogen or template eluant.
1.4.1 Hydrogels
Hydrogels are insoluble, cross-linked polymer network structures composed of 
hydrophobic homo or hetero co-polymers that possess the ability to absorb significant 
amounts of water. The importance of hydrogels in biomedical applications were first 
realised towards the end of the 1950's when Wichterle and co-workers developed poly (2- 
hydroxyethyl methacrylate) (PHEMA) and employed it as a soft contact lens material^^.
Traditionally, hydrogels have found applications in controlled release systems^^, as the 
hydrophilic and lipophilic balance of a gel carrier can be altered to provide significant 
contributions that present different solvent diffusion characteristics, which in turn 
influence the diffusive release of drug contained within the gel matrix. Today, hydrogels 
are used in numerous biomedical applications including biomembranes, biosensors and 
opthalmological devices^ .^
In recent years, it has become apparent that the principles and characteristics of hydrogels 
could be combined with those of molecular imprinting to produce intelligent imprinted 
gels that can memorise specific binding conformations. This would not only further the 
development of MI in the aqueous phase, but also involve molecular imprinting in new 
technology fields such as targeted drug deliver}  ^ devices. Gel properties have been 
compared to that of proteins^^’^ .^ Proteins may be in their folded, compact or expanded 
random coil conformations depending upon the conditions of the surrounding 
environment. The similarity between polymer gels and proteins suggest that the 
production of synthetic gels with molecular recognition capabilities is viable.
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1.4.2 MI within Hydrogels
A polymer network structure depends upon the type of monomer chemistry, the 
association interaction between monomers and pendant groups on the solvent, and the 
relative amounts of co-monomers in the feed from which the structure is formed. As 
good recognition between template and polymer matrix requires three-dimensional 
orientation, most techniques limit the movement of the memory site via chain relaxation, 
swelling phenomena and other processes by using high ratios of cross-linking agent to 
functional monomers.
An increase in cross-linking monomer leads to a decrease in the average molecular mass 
between cross-links, resulting in a more rigid system. In less cross-linked systems, 
movement of the macromolecular chains, specifically the spacing of functional groups 
will change as the network expands or contracts depending on the chosen rebinding 
solvent, application and environment.
Imprinting success depends on the relative amount of cross interaction between the 
solvent and the intended non-covalent interactions. If the solvent interferes or competes 
with any of these interactions, less effective recognition occurs. Proper tuning of non- 
covalent interactions, such as increasing macromolecular chain hydrophobicity^"  ^ or 
including stronger hydrogen bond donors and acceptors has been shown to enhance 
binding and selective recognition in aqueous solutions^^.
The theory and understanding of hydrogels is well established yet the development of MI 
within hydrogels is very much in its infancy. It appears as if one of the most promising 
and straightforward approaches to gel imprinting mimics traditional approaches to MI, 
and involves the inclusion of the biomolecule of interest in the design of the polymer 
matrix^ "^ ’^ .^ Another approach details the inclusion of a post cross-linking reaction 
between either an excess of functional monomers on opposite macromolecular chains or 
via an excess of additional monomers which are introduced to the network after the gel is 
formed and imprint the rebounded molecule^^’^ .^ In addition, polymer gels that have 
included intelligent enviro-sensitive mechanisms capable of turning an active site on or
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off, have been reported for polymers with enzyme-conjugates^^, antibody fragment- 
conjugates^^ and lectin-conjugates^ '^^^.
In recent years, the use of hydrogels, specifically molecularly imprinted hydrogels, in 
controlled drug delivery systems has been discussed^ '^^ .^ The hydrophilic and 
hydrophobic balance of a gel carrier can be altered to provide controllable solvent 
diffusion characteristics, which in turn influence the diffusive release of a drug contained 
within the gel matrix^ .^
1.4.3 Polyacrylamide Gels -  HydroMIPs
A “HydroMIP” is a term that we have coined that describes a hydrogel-based MIP. 
Polyacrylamide is a type of vinyl polymer that has been widely employed as support 
matrix in molecular biology. Polyacrylamide gels provide a means of separating 
molecules by size, effectively acting as a sieve by retarding or completely obstructing the 
movement of large macromolecules whilst still allowing smaller molecules to migrate 
freely.
These gels have presented themselves as excellent candidates for HydroMIPs, as they 
possess or can be engineered to possess the structural parameters (polymer volume 
fraction in swollen state, average molecular weight between cross-links, and the network 
pore size) necessary to successfully produce an analyte-specific HydroMIP^^.
Polyacrylamide gels are produced with great ease and are formed by co-polymerisation of 
acrylamide and bisacrylamide (Figure 1.7). The reaction is a vinyl addition 
polymerisation initiated by a free radical-generating system^ '^^ .^ Polymerisation is 
initiated by APS and TEMED: TEMED accelerates the rate of formation of free radicals 
from persulfate and these in turn catalyse polymerisation. The persulfate free radicals 
convert acrylamide monomers to free radicals which react with unactivated monomers to 
begin the polymerisation chain reaction^\ The elongating polymer chains are randomly 
cross-linked by bisacrylamide, resulting in a gel with a characteristic porosity that 
depends on the polymerisation conditions and monomer concentrations.
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Figure 1.7 Schematic detailing the FRP of acrylamide and bis acrylamide to form 
polyacrylamide.
TEMED is subject to oxidation, which causes the gradual loss of catalytic activity. This 
process is greatly accelerated by contaminating oxidizing agents. TEMED that contains 
oxidation products is characterised by a yellow colour. The practical consequences of the 
oxidative process are the requirement for greater amounts of TEMED to achieve adequate 
polymerisation, and a gradual loss of TEMED reactivity with time. TEMED is also very 
hygroscopic and will gradually accumulate water, which will accelerate oxidative 
decomposition.
APS is also very hygroscopic. This property is particularly important, since the structure 
begins to break down almost immediately when dissolved in water. Therefore, the 
accumulation of water in APS results in a rapid loss of reactivity. This is why ammonium 
persulfate solutions should be prepared fresh daily. Persulfate is consumed in the 
polymerisation reaction. Excess persulfate can cause oxidation of proteins and nucleic 
acids. This oxidation problem can be avoided if inhibitor-free gel-forming reagents are 
used, and APS is used at the recommended levels.
In physically preparing a HydroMIP, the template molecule is introduced to the pre­
polymerisation polyacrylamide solution, with polymerisation subsequently occurring in 
the presence of the template. This allows the formation of a network of non-covalent 
bonds between the functional monomer, acrylamide, and the template molecule. Upon 
removal of the template, 3-dimensional molecular cavities displaying a structural and 
chemical memory for the template remain, which in turn are capable of selectively 
rebinding the template.
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Although the use of HydroMIPs as molecular recognition elements is still very much a 
recent approach, there have been several excellent reports upon the use of polyacrylamide 
gels used in conjunction with molecular imprinting. Hjerten et al pioneered the use of 
polyacrylamide gels as an imprinting matrix for a wide range of proteins^ '^ "^^ . The 
optimisation of polymerisation parameters were described, and the molecularly imprinted 
gels were applied as artificial antibodies for the selective adsorption of proteins in affinity 
chromatography with excellent chromatographic resolution achieved. Regardless of the 
chromatographic resolution achieved, the nature of the polyacrylamide packed column 
resulted in a particularly poor mobile phase flow rate. The work of Zhang et report 
of the use of polyacrylamide modified chitosan beads for application as stationary 
chromatography columns. These protein-imprinted beads significantly increased the rate 
of flow through a packed column (in relation to the findings of Hjerten et al) without 
compromising either the selectivity or specificity of the imprinted material.
The work of Ou et af^ described the molecular imprinting of lysozyme in a 
polyacrylamide gel. In this study, template removal was performed by elution of protein 
in NaCl, and an increase in template removal was observed when 'traditional' functional 
monomers such as methacrylic acid were incorporated in the pre-polymerisation 
polyacrylamide solution.
Historically, MI has found extensive application in the field of capillary 
chromatography^^’^ ^^ . Application in this field has continued with the advent of aqueous 
phase imprinting, with polyacrylamide being utilised as the imprinting matrix for a range 
of molecules^^^’^®"^.
The research of Pang et al has described a method termed ‘inverse-phase seed suspension 
polymerisation’ (IPSSP) for the preparation of bovine serum albumin (BSA) imprinted 
polyacrylamide gels^^ ,^ as well as the synthesis of polyacrylamide beads also for 
B s a ^^ 4^07 jpgsp jg a technique in which soft external gels are cast around a highly 
cross-linked inner gel core. It is proposed that this technique produces a shallow surface 
imprinting effect, and maximises the use of the template molecule by avoiding the 
creation of hard to access imprinted sites embedded deep within the polymer matrix. In 
addition, it is also proposed that this technique produces imprinted particles that are
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highly homogenous in size and imprint distribution. Polyacrylamide gels have been 
utilised for their excellent temperature and pH sensitivity for the imprinting of 
and copper^and have also been reported for the successful bio-imprinting of tumour 
specific glycoproteins electro synthesised m em branes'co-polym er membranes"^
and bacterial proteins"^. Diverse applications of other molecularly imprinted hydrogels 
notably include the repair of brain lesions' and the imprinting of baculo virus''^.
1.5 Applications of MI
1.5.1 Chromatography
Liquid chromatography (LC), especially high performance liquid chromatography 
(HPLC) is currently one of the most versatile tools available in analytical chemistry, 
where analytes are separated due to differences in the affinity towards two phases, 
typically a solid stationary phase column and a mobile phase that passes through the 
column.
Whenever a specific compound needs to be extracted from a sample, such as a protein 
from a biological fluid, HPLC could be an attractive tool as it is quick, reproducible and 
can offer both quantitative and qualitative information. However, HPLC is often not the 
best choice, as specific ligands such as antibodies must be raised to produce 
chromatographic columns of required specificity. MIPs provide an interesting and 
suitable alternative to the problem.
The first applications of MIPs were as stationary phases in clinical separation was for the 
enantioseparation of racemic mixtures in chiral compounds"^. The use of MIP-LC 
involves molecularly imprinted stationary phases being used in a similar way to 
conventional stationary phases. The first academic approaches concentrated on the 
generation of phases imprinted with an enantiomer in order to achieve chiral separation of 
the template from its optical counterpart"^. Separation of carbohydrate derivatives have 
also been performed by molecularly imprinted stationary phases"^ as well as the 
separation of antibodies from similar structures''^’' "^. Despite the evidence suggesting
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that good enantiomeric separation is achievable, reality often differs and resolution 
factors are typically rather low, commonly due to severe peak broadening and tailing.
Many attempts have been made to improve the performance of MIPs by optimising the 
separation protocol"^’'^' and synthesising better MIPs in the first instance^"’'^ ,^ but in 
reality MIPs are hardly ever used in HPLC. However, clinical separation using MIP-LC 
is excellent evidence for MIP mechanisms.
1.5.2 Capillary Electrochromatography
Capillary electrochromatography (CEC) is one of the more promising chromatographic 
techniques used in combination with MIPs and refers to a group of separation techniques 
that allow the separation of most analyte classes based on their mobility in an electrical 
field. The MIP is typically utilised in much the same way as in an HPLC column, being 
cast in situ in a fused silica capillary, in the form of a macroporous monolith attached to 
the inner wall. This technique has proved particularly useful in performing separation of 
chiral compounds'""’'"  ^and the enantioseparation of cardiac drugs'"'. Other possibilities 
of using MIPs in conjunction with CEC include polymer rods"", particles in a gel 
matrix'^^, and small particles in the carrier electrolyte'^"' which further highlight the 
robustness and diverse range of applications of MIPs.
1.5.3 Solid Phase Extraction
Solid phase extraction (SPE) is a separation technique that has been extensively studied, 
and still holds much promise with regards to the application of MIPs. The desire for 
highly efficient methods of sample clean up and pre-concentration in medical, 
environmental and food analysis is ever increasing and traditional approaches such as 
liquid-liquid chromatography lack specificity. SPE is faster, more reproducible and 
cleaner with much smaller sample sizes required for the assay. Most importantly, SPE 
can be easily incorporated into automated analytical procedures with the separation 
mechanism working in a manner that is largely the same as HPLC.
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MIP-SPE involves a traditionally prepared bulk polymer MIP, which is used as the 
stationary phase in an extraction cartridge'^^. This produces a highly stable 'phase' that is 
preferable to the non-specific carbon-18 phases that are commonly used, is compatible 
with organic solvents, and capable of working in both the adsorption and desorption 
modes.
When considering these traits, it is easy to see why so much attention has been focussed 
upon SPE, particularly so in dealing with 'real' biological samples. MIP-SPE has been 
used to extract a target analyte from blood plasma' serum'^^,  urine'^^, bile'^", liver'^" 
and chewing gum'^".
One of the drawbacks associated with MIP-SPE is template leakage. Once a MIP has 
been synthesised, exhaustive solvent extraction is used to remove the template from the 
polymer matrix. However, it is extremely difficult to remove 100% of the template from 
the polymer and despite the assumption that typically 1-2% remains after the washing 
steps of a MIP protocol, it is now understood that slow leakage occurs over a period of 
time. This can have serious implications when the polymer is to be applied as a SPE 
sorbant in trace and ultra trace analyses.
A possible way of overcoming the problem of template 'bleeding' is to use a template 
analogue during the imprinting step, rather than the template itself. Andersson et al first 
detailed this approach when investigating the pre-concentration of the drug sameridine 
from human plasma'^'. By using a close structural analogue to sameridine as the 
template, a strong affinity was still observed between the drug and the imprinted site and 
upon analysis by gas chromatography, resolution between sameridine and 'leaked' 
template was easily obtained. MIPs have also been employed in other separation 
techniques such as thin layer chromatography^", membrane based separations'^^, but to a 
much lesser degree than SPE'^^"'^ .^
1.5.4 Binding Assays
There are many different techniques that have been developed for the determination of 
analytes by immunoassay. These include various forms of radio-immunoassay (RIA) and
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enzyme linked immunosorbent assays (ELISA), and since MIPs share with antibodies one 
of their most important characteristics, the ability to bind a target molecule selectively, it 
is conceivable that immuno-type binding assays may employ MIPs in the future.
This was first demonstrated by Mosbach et al, who developed MIP-based assays for the 
bronchodilator theophylline and the tranquilliser diazepam^^. The assays showed 
excellent correlation with currently employed analytical techniques in clinical 
laboratories, and also yielded cross-reactivity profiles very similar to that of natural 
monoclonal antibodies.
Subsequently, this format has been adapted to develop an assay system for other 
compounds such as drugs"' ’^"'", herbicides"'^’'^"’'^  ^ and corticosteroids"". Assay formats 
that do not involve the use of radiolabels have been reported. These include fluorescent 
probes'^^, electroactive probes'^"' and more recently, MIP based ELISA type assays have 
been developed where an enzyme label has been detected by both colorimetry'^^ and 
chemiluminescence ' .
As with all analytical techniques, there is a constant and ever increasing demand for 
automated and high throughput assays and screening of natural products. Owing to the 
specificity, preparation ease, low price and high chemical and physical stability, MIPs 
could prove to be a useful complement, or even alternative to biological molecules as 
recognition elements in assays.
1.5.5 Sensors
Biosensors are devices used for the detection of an analyte that combines a biological 
component with a physicochemical detector, and consists of two main parts: -
• A sensitive biological element -  tissue, microorganism, enzyme, antibody or 
antibody mimic.
• A detector/transducer -  works in a physicochemical way such as an optical, 
piezoelectric or electrochemical device.
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A chemical or physical signal is generated upon the binding of the analyte to the 
recognition element that is then translated into a quantifiable output signal by a 
detector/transducer. The most widespread and successful example of a commercial 
biosensor is the blood glucose monitor, which uses an enzyme to break down blood 
glucose, transferring an electron to an electrode in the process, which is in turn converted 
into a measure of glucose concentration. The same generalised principle applies if a MIP 
is used as the recognition element instead of a biomolecule, and one or more 
physicochemical parameter of the system, such as mass adsorption, heat or changes in 
ratio of redox active species may be used for detection.
An early attempt to use the recognition properties of MIPs for chemical sensing involved 
ellipsometric measurements taken upon thin vitamin K1 imprinted layers'"'". It was not 
until several years later that the first report of a completely integrated sensor based upon a 
MIP was described. This consisted of a field effect capacitor that contained a thin 
phenylalanine alinide imprinted polymer membrane'^". Binding of this model analyte 
resulted in a change in capacitance of the device, allowing a qualitative detection. 
Capacitance measurements have been described more recently, and were employed in 
conjugation with imprinted electropolymerised polyphenol layers on gold'"".
1.5.5.1 Acoustic Sensors
Acoustic sensor technologies encompass a field that is not only anomalous, it is rapidly 
growing and has a range that includes developments from ultrasound'"'^ and gas phase 
sensors'"'^ to surface acoustic wave technologies (SAW)'"'"'. These highly robust, liquid- 
phase quartz-based sensor technologies offer dependable, surface bound and label free 
solution diagnostic capability in media that have proven to be traditionally problematic.
Bio-applications of acoustic sensors have traditionally been classed as either biosensors or 
immunosensors. However, the characteristics of the technique have allowed its 
application to many differing analytes in diverse fields such as environmental sciences'"'^, 
chemical sciences'"'"""' ,^ lectins'"'", brewing chemistry'^", DNA'^', RNA'^^,
microbiology'^^, biological s c i e n c e s a n d  cell biology'^^’'^ .^
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MIP layers upon the QCM sensing surface have been widely employed for the design of 
highly specific sensors, and have proved popular due to the low price of the technique 
combined with their robustness and ease of use'^^. The nature of polymer films deposited 
upon the sensor have been investigated using the capability of the technique to measure 
both the binding of substrate and the changes in viscoelastic properties of applied films'^".
Subsequently, QCM-MIPs have emerged as a particularly useful and heavily employed 
technology in the field of pharmaceutical sciences with highly specific sensors being 
developed for a wide range of drugs
The MIP can be applied to the sensor surface in a variety of manners. Typically, a thin 
imprinted layer is deposited upon one side of the quartz disc. This method of crystal 
coating has been employed extensively, however, question marks have been raised over 
the uniformity of MIP distribution due to the widely used drop or spin coating method of 
MIP application. As a result, alternative methods of MIP application have been 
researched, such as PVC membranes'"", electrosynthesised layers and sol gel layers'""'’'"^ .
1.5.5.2 Optical Biosensors - Dual Polarisation Interferometry (DPI)
One type of optical biosensor is based on the phenomenon of surface plasma resonance 
(SPR)'"". This utilises a property of gold, specifically that a thin layer of gold on a high 
refractive index (RI) surface can absorb laser light, producing electron waves (surface 
plasmons). This occurs only at a specific angle and wavelength of incident light and is 
heavily dependant on the surface of the gold, such that binding of a target analyte to a 
receptor on the gold surface produces a measurable signal'"^’'" .^
SPR devices have proven to be valuable analytical tools, but one major drawback is that 
they return only a single value for a detected layer, a resonant angle referred to as the 
opto-geometrical parameter. This parameter encapsulates both the refractive index and 
the thickness of the deposited layer, but as only a single measurement is made, the two 
constituent physical parameters cannot be separated from each other'"". This is a 
significant limitation of the technique.
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An alternative technique is embodied in the AnaL/g/i/(DBio200 pioneered by Farfield 
Sensors, which yields considerably higher measurement content than first generation 
optical biosensor technologies such as SPR devices. The optical analytical technique has 
been designed specifically for the study of thin films, which uses electromagnetic 
evanescent wave probes to characterise the film above a planar waveguide surface. By 
including an optical bridge in the form of a buried reference waveguide, the sensitivity of 
thin film measurements is maximised with the resolution determined by the interaction 
length between thin film and the evanescent field
Using different evanescent field profiles, various characteristics of the thin-film can be 
resolved. Different polarisations are used to resolve the optical density and the thin film 
thickness simultaneously at resolutions of <lpg/mm^ and <10pm'^'.
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Figure 1.8 Dual waveguide interferometer. The dual polarisation interferometer 
integrates the laser source, a polariser switch, the sensor chip and a camera. Pump 
valves allow the introduction of sample materials and a digital signal processor 
(DSP) analyses the data.
The measurement principle involves the use of a HeNe laser light source fabricated on a 
silicon substrate (manufactured using semi-conductor fabrication techniques). At the 
output, interference fringes in the far-field form on a digital camera screen, with the 
fringes being representative of the relative phase position of the sensing and reference 
light paths at the output. Any thin film changes thereof on the sensor surface of the 
waveguide will interact with its evanescent field and change its effective refractive index.
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Such changes will move the phase of the light exiting the sensing waveguide, and the 
position of the fringes on the camera will move.
The phase positions refer to the two orthogonal polarisations (Transverse Electric (TE) 
and Transverse Magnetic (TM)) that are measured by the instrument. The absolute 
effective index of a waveguide mode is found by solving the equations of 
electromagnetism for a system of uniform multiple dielectric layers in which the fields in 
the semi-infinite bounding layers are exponentially decaying solutions. The parameters 
required are the RI and thickness of each layer for each of two polarisations. Provided the 
input information is complete, an effective index value is obtained which is representative 
of the distribution of optical power amongst the layers
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Figure 1.9 DPI measurement resolving thickness and density. Resolving the two 
measurements from two orthogonal polarisations can converge on a unique solution 
for size and density of the proteins on the sensing waveguide.
If a new layer is introduced to (or removed from) the system, it will alter the effective 
index. For each of the two polarisations, the new effective index can satisfy a continuous 
range of thickness and refractive index values. However, there will only be one unique
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combination that satisfies the index of the two polarisations as shown schematically in 
Figure 1.9.
The AnaLight®Bio200 instrument provides a flexible platform that incorporates a 
modular fluidics arrangement to enable a wide range of experimentation to be undertaken. 
Integral to all experimentation is the sensor chip used to exploit the technology. The 
sensor is a multi-layer deposited waveguide structure on a silicon wafer, and is 
manufactured to a high tolerance to enable accurate measurement to take place. Opening 
windows in the top cladding of the waveguide define the two active areas on the chip, 
which also define the active path length of the sensor and are lithographically produced to 
micron levels of precision. The precise sensitivity is dependant on the waveguide 
thickness and refractive index. Many variations in chip functionalisation and design are 
available and should be used following the careful consideration of the method of 
immobilisation of molecules on the sensor surface. Hydroxylation of the silicon 
oxynitride sensor is one of the simplest and most commonly employed surface 
modifications and is typically used for the physisorption of proteins and the 
functionalisation of “smart” polymers. Modifications in chip functionalisation can also 
include amination, biotinylation and thiolation to name but a few.
The fluidic design of the AnaZ/g/z/®Bio200 is based on a flow cell, which comprises two 
sample chambers fitted with two independent feeds and drains, and makes up the core of 
the system. The two channels can be configured in series or (more commonly) in parallel 
with a number of sample introduction methods possible that should be chosen to optimise 
the experimental aim. When performing an experiment, a pump supplies running buffer 
to the sensor chamber, with an injection loop allowing the controlled introduction of the 
sample.
The AnaZ/g/z/®Bio200 instrument also allows the extensive post experimental analysis of 
results. The technique allows the precise behaviour of layers to be determined in terms of 
both their density (absolute RI) and thickness in real time and therefore, mass, surface 
coverage and concentration can be calculated. Integral to this is the calibration of both 
the sensor chip and bulk refractive index, which allows the accurate derivation of the 
data, and takes into account subtle changes film parameters and variations in chip 
structure which may give rise to errors in sensitivity. As a result, the DPI technology
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embodied in the AnaZ/g/z/®Bio200 instrument presents the opportunity to further provide 
a rapid method for the characterisation and quantification of molecular binding events.
The use of optical sensor platforms in conjunction with imprinted polymers have been 
recently reported, primarily detailing the use of and quantum dots/array
technologies^ '^^’^ ^^  Both applications have been reviewed in depth by Al-Kindy et 
but to the our knowledge, hydrogel-based molecularly imprinted polymers have not been 
employed as the selective recognition element of an optical biosensor, nor have they been 
used in unison with the DPI technology.
1.6 Quantification and Characterisation of MIP 
Efficiency
In order to determine the potential of a MIP application, it is necessary to characterise and 
quantify the imprinting efficiency of the polymer, which is usually performed by a 
sensitive analytical procedure such as spectrophotometry or fluorimetry. The template 
molecule is detected at differing experimental stages (i.e. load, wash and elution of the 
template) which in turn is characteristic of certain imprinting or non-imprinting effects.
Spectrometric methods are a large group of analytical techniques based on atomic and 
molecular spectroscopy. Spectroscopy is a general term for the science that deals with the 
interactions of various types of radiation with matter. Spectrometry and spectrometric 
methods refer to the measurement of the intensity of radiation with a photoelectric 
transducer or other type of electronic device, with one of the most common applications 
being the determination of the concentration of an analyte in solution. This approach 
exploits Beer's Law, which predicts a linear relationship between the absorbance of the 
solution and the concentration of the analyte.
If light is incident on a molecule, it may be absorbed and then emit light of a different 
colour -  a process termed fluorescence. Fluorimetry characterises the relationship 
between absorbed and emitted photons at specified wavelengths. Most molecules, whilst 
stable at their lowest energy state, may absorb a photon of light, which in turn increases 
their energy causing an electron to jump to a discrete singlet excited state (Figure 1.10).
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Figure 1.10 Mechanism of fluorescence. The horizontal lines indicate quantum 
energy levels of the fluorescent molecule that is raised to an excited energy state. It 
loses energy to other molecules and drops to a lower energy state. The remaining 
energy is lost by emitting light of a lower energy.
Typically, the molecule quickly dissipates some of the absorbed energy through collisions 
with surrounding molecules. If the surrounding molecules are unable to accept the larger 
energy difference that is required to further lower the molecule to its ground state, the 
remaining energy may be lost by spontaneous emission of light of a longer wave length
The principal advantage of fluorescence over radioactivity and absorption spectroscopy is 
the ability to separate compounds on the basis of either their excitation or emission 
spectra, as opposed to a single spectrum. This advantage is further enhanced by 
commercial fluorescent dyes that have narrowed and distinctly separated excitation and 
emission spectra. The magnitude of fluorescent intensity is dependent on both intrinsic 
properties of the compound and on readily controlled experimental parameters, including 
intensity of the absorbed light and concentration of the fluorophore in solution.
Fluorescent methods have three significant advantages over absorption spectroscopy. 
First, two wavelengths are used in fluorimetry, but only one in absorption spectroscopy. 
Emitted light from each fluorescent colour can be easily separated because each colour 
has unique and narrow excitation spectra. Multiple fluorescent colours within a single 
sample can be quantified by sequential measurement of emitted intensity using a set of
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excitation wavelength pairs specific for each colour. Secondly, fluorimetry has a low 
signal to noise ratio, as detection occurs at 90° to the excitatation light, compared to a 
linear configurement that is employed in absorption spectroscopy. Finally, fluorescent 
methods have a greater range of linearity, with in turn gives a sensitivity that is 
approximately 1000 times greater than absorption spectrophotometric methods^^ .^
Visual characterisation of MIPs however can be more problematic. It is extremely 
difficult to visualise the imprinted cavities within the polymer matrix for several reasons, 
most notably due to the sub-nanometer size of the cavities in many cases, and the 
differing physical forms of the polymers (ranging from dense polymer monoliths to 
aqueous phase gel based polymers). Therefore, characterisation of MIPs has been largely 
circumstantial, and based upon the data obtained from quantification studies, which in 
turn only suggests the existence of imprinted cavities. It is vital to marry the theories of 
cavity formation with visual evidence of imprinted sites, in order to categorically state 
that MIPs behave (in terms of selectivity towards only the template molecule) as we 
believe that they do. Therefore, it is necessary to devise strategies that will allow the 
corroboration of spectroscopic analysis with high-powered microscopy-based imaging.
1.7 Microscopy
A modem light microscope has a magnification of -xlOOO enabling the eye to resolve 
objects separated by 0.0002mm. In the attempt to improve this, it was found that the 
resolving power of the light microscope was limited by both the number and quality of 
lenses employed and the wavelength of light used. In the 1920’s it was discovered that 
accelerated electrons behave in a vacuum just like light, and furthermore it was 
discovered that electric and magnetic fields have the same effect on electrons as glass 
lenses and mirrors do on visible light. Today, using up to five magnetic lenses in an 
electron microscope (EM), a resolving power of 0.1 nm at magnifications of over 1 
million can be achieved.
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Figure 1.11 Passage of light in a light microscope compared with that of electrons 
in a transmission electron microscope.
1.7.1 Transmission Electron Microscopy (TEM)
TEM is an imaging technique whereby a stream of electrons is formed and accelerated 
towards the specimen using a positive electrical potential. The stream is confined and 
focussed using a combination of metal apertures and magnetic lenses into a thin, 
focussed, monochromatic beam. This beam is then focussed onto the sample where 
interactions occur inside the irradiated sample, affecting the electron beam. These 
interactions and subsequent effects are detected and transformed into an image. The first 
practical TEM was built by Albert Prebus and James Hiller in 1938 using concepts 
developed earlier by Max Knoll and Ernst Ruska.
There are four main components to a TEM: an electron beam, optical colunm, a vacuum 
system and the necessary electronics and software. The column is perhaps the most
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crucial component, as it comprises the electron gun, the electromagnetic lenses, 
fluorescent visualisation screen and must be under vacuum at all times. The electron gun 
itself is comprised of three main components -  a filament (typically tungsten), an anode 
and a Wehnelt cylinder (Figure 1.12). These three form a triode gun, which is an 
incredibly stable source of electrons. By applying a high positive potential between the 
filament and anode, electrons are extracted from the filament and accelerated towards the 
anode, where the beam passes through a small hole. The Wehnelt cylinder bunches the 
electrons into a finely focussed point that passes through the specimen.
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Figure 1.12 Schematic cross-section of the electron gun in an electron microscope.
Specimen interaction is what makes EM possible and can occur in a variety of manners 
when the electrons strike the sample. Figure 1.13 summarises the interactions observed in 
TEM, and relate to thin sections typically of 0.5 pm thick or less.
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Figure 1.13 Summary of the electron beam-sample interaction that can occur in 
TEM.
Electrons behave like light only when they are manipulated in a vacuum. TEM requires 
different levels of a vacuum, all of which are maintained and monitored by a completely 
automated vacuum system that fully protects against faulty operation by utilising a series 
of airlocks and separation valves. To obtain the very high resolution that modem TEM’s 
are capable of, the accelerating voltages and currents passed through the lenses must be 
extremely stable. Modem electron microscopes employ fast, powerful computers to 
control, monitor and record the operating conditions of the microscope.
1.7.1.1 Specimen Preparation
TEM can be used in any branch of science and technology where the aim is to study the 
stmcture of specimens down to the atomic level. However, the sample preparation 
required to produce a sample thin enough to be electron transparent is extensive, and there 
is always a concem that changes in the stmcture of the sample may be caused during 
sample preparation. The most common sample preparation techniques include:-
• Cryofixation - freezing a specimen so rapidly in liquid nitrogen or helium, that the 
water forms vitreous non-crystalline ice, preserving the specimen in its original 
state.
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• Fixation - preserving the sample in a fixative, such as gluteraldehyde.
• Dehydration - replacing water with organic solvents such as methanol.
• Embedding - infiltration of the sample with a resin (prior to sectioning).
• Sectioning - produces thin sections, semi-transparent to electrons, typically cut
upon an ultramicrotome with a diamond knife.
• Staining - performed to add electron density to the sample, giving contrast to 
different structures.
All of the above techniques have been commonly and extensively employed in EM. Two 
additional techniques that have been widely used, and are particularly applicable to this 
thesis are freeze fracture and critical point drying.
Freeze fracture is a preparation method that is particularly useful for examining 'soft' 
samples, and has found much use to date in examining lipid membranes in tissue samples 
and cell suspensions, and allows the user to image the sample in a 'face on' view. The 
sample is frozen rapidly (cryofixed), then firactured by simply breaking or by using a 
microtome while maintained at -196°C. The cold fractured surface is then etched for 
several minutes, which allows sublimation of ice that is present upon the surface of the 
sample to occur. The sample is then shadowed with platinum at an angle of 45° in a high 
vacuum evaporator. A second coat of carbon is then evaporated onto the platinum 
shadowed surface to provide structural stability to the replica coating. The specimen is 
then returned to room temperature and pressure, and the extremely fragile 'pre-shadowed' 
replica of the fracture surface is released from the underlying biological material by 
careful chemical digestion with acids, hypochlorite solution or detergent. The replica is 
washed thoroughly to remove residual chemicals, and carefully placed on grids, air dried 
then viewed in the TEM.
Critical point drying (CPD) is another, particularly useful sample preparation technique 
used to dry samples that are typically very fragile or wet without deforming or collapsing 
the structure. Air-drying of specimens can cause severe deformation and collapse of 
structure, the primary cause being the considerable surface tension forces that occur at the 
phase boundary as liquid evaporates. The most common specimen medium, water, has a 
high surface tension to air. The surface tension could be reduced by substitution of a
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liquid with a lower surface tension, such as acetone. This however is not always practical 
or applicable though when working with biological samples. However, the occurrence of 
what is known as 'continuity of state' suggests a drying technique for which the surface 
tension can be reduced to zero. If the temperature of liquefied gas is increased, the 
meniscus becomes flatter indicating a reduction in the surface tension. If the surface 
tension becomes very small, the liquid becomes kinetically unstable. When this “critical 
point” is reached, it is possible to pass from liquid to gas without any abrupt change in 
state. If a specimen such as a hydrogel is treated in a CPD manner, it experiences a 
transition from a wet to a dry gas environment without being in contact with a surface, 
avoiding damaging effects of surface tension in the process.
1.7.1.2 TEM of Hydrogels
TEM has been succesfully employed to image polyacrylamide hydrogels, but only 
following extensive and often time-consuming sample preparation. Sample preparation 
of hydrogels present issues that are even more problematic than those encountered when 
preparing samples that have traditionally been imaged using TEM (such as tissues, 
ceramics and metals). This invariably occurs due to the fact that all TEM analysis must 
be performed under extremely high vacuum, and therefore, all samples must be in a 
physical form that will enable them to withstand such pressures. This is particularly 
problematic when considering the aqueous nature of hydrogels. Additionally, it is vital 
that any sample preparation that is performed must preserve the structure of the sample, 
otherwise subsequent images will not truly reflect the exact nature of the sample of 
interest. Techniques such as vacuum d r y i n g f r e e z e  drying^CPD^^^,  and 
sequential solvent dehydration and epoxy embedding^ have all been employed, but most 
have produced poor images that lack structural detail. This has invariably occurred as a 
direct result of poor or inappropriate sample preparation techniques and an alternative 
approach to the preparation of hydrogel-based samples is urgently required to allow 
visual characterisation of the polymer materials in their natural form.
One such technique is a variation of already established CPD methodology^^" .^ Although 
highly useful for imaging very fragile or wet samples (as discussed), CPD can be 
particularly time consuming, as many experimental stages, such as the sequential solvent
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dehydration of the sample, are often required. The work by JL Nation^describes a rapid 
technique that involves the immersion of the sample in a series of solutions, that are 
commonly employed in CPD (liquid nitrogen, methanol and hexamethyldisilisane 
(HMDS)). This simplified, variant CPD technique is theoretically highly applicable to 
hydrogels.
1.7.2 Confocal Microscopy
Confocal microscopy offers several advantages over conventional optical microscopy, 
such as the ability to eliminate image degrading out-of-focus information, a variable and 
controllable depth of field and the ability to collect serial optical sections There has 
been a tremendous increase in the popularity of confocal microscopy in recent years 
which is due in part to the relative ease in which incredibly high quality images can be 
obtained, and its great number of applications in many diverse research areas.
The development of the confocal approach was largely driven by the desire to image 
biological events as they occur in vivo. The invention of confocal microscopy is 
attributed to Marvin Minsky who produced a working microscope in 1955 and patented it 
in 1957. It took another 30 years and the development of key advances in laser light 
sources and electronics for confocal microscopy to become a standard imaging technique, 
and as with fluorimetry, one of the key (if not the key) concept of confocal microscopy is 
that of fluorescence.
One of the most readily utilised fluorescent molecules in confocal microscopy is 
fluorescein. Fluorescein is a common fluorophore that emits green light when stimulated 
with blue excitation light^^ .^ Fluorescein has an absorption maximum at 490 nm, 
emission maximum of 514 nm (in water) and also has an isoabsorptive point (equal 
absorption for all pH values) at 460 nm. In biology, the isothiocyanate derivative of 
fluorescein (FITC) is often used to label and track cells in microscopy applications. The 
fluorescence of this molecule is very high, with excitation occuring at 494 nm and 
emission at 525 nm. There are many other fluorescein derivatives, such as Oregon Green, 
Tokyo Green, and carboxynapthofluorescein which have all been specifically tailored for 
various chemical and biological applications.
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1.7.2.1 Image Formation
In confocal microscopy, a laser beam passes a light source aperture before being focussed 
by an objective into a small focal volume within a fluorescent sample. The objective lens 
then recollects a mixture of emitted fluorescent light as well as reflected laser light from 
the point of illumination. A beam splitter separates the light mixture, with fluorescent 
light deflected to the detection apparatus, where it passes through a pinhole and is 
transformed into a light signal by a photomultiplier tube (PMT). The detector aperture 
obstructs the out of focus light, and all the light from the focal plane is focussed at the 
pinhole and passed to the detector. In this way, out of focus information is greatly 
reduced resulting in very defined, focussed images.
Laser
Light Source 
Pinhole
Beamsplitter
Detector
Confocal
Pinhole
Objective Lens
■ ■ Above Focal Plane (Out of Focus) 
" " Focal-Plane (In Focus)
" • Below Focal-Plane (Out of Focus)
Z
Sample (X,Y,Z)
Figure 1.14 Basic set-up of a confocal microscope.
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1.7.2.2 Multiphoton Microscopy
Multiphoton excitation fluorescence microscopy is a technique that uses non-linear 
optical effects to achieve optical sectioning. It addresses a fundamental drawback of 
confocal microscopy -  that the beam also excites the specimen above and below the focal 
plane subjecting the sample to photobleaching and photo damage. Two photon 
microscopy (as it is also known) limits the fluorescence to the focal volume whilst 
reducing the average intensity of the excitation light^^ .^
Two photon microscopy employs a concept first described by Maria Goppert-Mayer in 
1 9 3 1 1 8 8  sample is illuminated with a wavelength around twice that of the absorption
peak of the fluorophore or molecule being used. Essentially no excitation will occur at 
this wavelength, however, if a high peak-power laser that generates very short (-lO'i^sec) 
but intense pulses, is used, two photon events will occur at the point of f o c u s A t  this 
point, the photon density is sufficiently high that two photons can be absorbed by the 
fluorophore simultaneously. This, most importantly, is equivalent to the sum of the two 
that are absorbed.
Multiphoton imaging is a highly valuable technique, primarily in biomedical applications, 
where optical sections can be obtained from deep within a tissue. Additionally, 
multiphoton microscopy can be applied to the imaging of certain biological molecules 
that are not fluorescent in nature^^^’^ ^^  By illuminating a protein at twice the wavelength 
of its maximal absorption peak, it is possible to visualise the molecule utilising the natural 
autofluorescence that it possesses.
Autofluorescence occurs naturally in many cell types, and can be a major source of 
background interference during imaging, and is often considered to be a considerable 
problem, with much effort made to eliminate its presence. However, its utilisation in the 
imaging of cell or molecular morphology of molecules that do not possess a fluorescent 
body, is a particular useful application.
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1.7.2.3 Confocal Microscopy and MI
To date, little work has been conducted regarding the molecular imprinting of fluorescent 
biomolecules, primarily due to the problems associated with the imprinting of large 
biomolecules as discussed. Fluorescent functional monomers have been investigated for 
the imprinting of a variety of small molecules, where fluorescence intensity alters upon 
the occurrence of a specific binding event or template-cavity interaction^ ^^ '^ "^^ . 
Additionally, fluorescent detection of small organic template molecules has been 
extensively employed in differing forms^^^’^ ^^ . Confocal microscopy has been used to 
image hydrogels which have been employed in a variety of differing roles^ ^^ '^^ .^ 
Fluorescently labelled hydrogels have also been imaged using confocal microscopy with 
the swelling characteristics, quenching effects and thermo-responsive nature of 
polyacrylamide being of particular interest^^ '^^^ .^ To date, confocal microscopy has not 
been employed to image the presence of fluorescent template molecules within an 
aqueous phase MIP, and the advantages and characteristics of such a powerful imaging 
tool offer much in terms of structural characterisation of the imprinted materials.
1.7.3 Atomic Force Microscopy
The atomic force microscope (AFM) is one of approximately a dozen types of microscope 
that are called scanning probe microscopes (SPM). All work by measuring a localised 
property such as optical absorption, height or magnetism when a ‘tip’ is placed in close 
contact with the sample with a generalised schematic of a SPM shown in Figure 1.15.
Each different type of SPM is characterised by the nature of the probe and its interaction 
with the sample surface. Unlike traditional microscopes, SPM systems do not use lenses, 
so the probe size rather than diffraction effects are the primary resolution-limiting factor.
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Figure 1.15 Schematic representation of an AFM.
The AFM is a truly multidisciplinary technique that is being used in a wide range of 
technological fields such as telecommunications, biology, chemistry and aerospace 
industries to name but a few. The first AFM was reported by Binnig, Quate and Gerber in
1986203 it was the breakthrough in tip manufacture reported by Albrecht et al and 
technical development by the Zurich company that has allowed both scientists and 
technologists to embrace the technique.
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The AFM creates high-resolution images of a sample surface by scanning a sharp tip over 
the sample. The tip is attached to a cantilever that bends in direct response to the van der 
Waals forces that occur between the tip and sample (according to Hooke’s Law). Images 
of the sample are created by raster-scanning the cantilever and tip across the surface, 
whilst monitoring variations in the cantilever to sample-tip interactions. The results are 
recorded and can be displayed in a variety of manners, with false colour topographic 
images and 3-D plots most common. Most AFM instruments offer the capability of 
imaging samples in a variety of modes, the choice of which depends largely upon the 
nature of sample being imaged. The AFM “nano-sensor’ is able not only to image live
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with atomic resolution but also to probe singular molecular events in living 
cells under physiological conditions Currently, of all the SPM microscopes, AFM
is the only technique available to directly provide both structural and functional 
information at high resolution, making it a highly valuable analytical technique.
1.7.3.1 Contact Mode
Contact AFM is the simplest imaging capability in which the AFM cantilever is raster 
scanned whilst in gentle contact with the sample surface. A feedback loop is employed to 
control the tip-sample interactions with great precision, minimalising the force on the 
sample surface. To do this, the cantilever is moved up and down by a piezoelectric tube 
that allows the tip to follow the topography of the sample. Contact mode AFM is an 
extensively used tool, but as with all techniques, does have its drawbacks. Most notably, 
the excessive tracking forces applied by the probe to the sample commonly results in 
sample damage and a heavy influence by frictional and adhesive forces can cause data 
distortion when compared to other AFM forms. However, it is important to note that all 
drawbacks can be minimised by an appropriate degree of experimental planning and the 
careful set-up of the instrumentation.
1.7.3.2 Non-Contact Mode
Non-contact mode involves the AFM tip hovering 50-150°A above the sample surface, 
and avoids many of the sample damage issues that are associated with contact mode. The 
technique measures the attractive van der Waals forces between the tip and sample, and 
topographic images are constructed after raster scanning of the sample. Although in 
many cases this is a highly useful technique, it does suffer in terms of resolution, as a 
fluid contaminant layer typically covers all samples and occludes the van der Waals 
forces that only tend to extend into the single nanometer range.
1.7.3.3 Tapping Mode
Tapping mode is widely considered to be one of, if not the most useful technique for a 
wide variety of samples. This potent technique allows high-resolution topographic
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imaging of sample surfaces that are easily damaged, loosely attached to their substrate or 
difficult to image by other AFM techniques. Tapping mode overcomes problems 
associated with friction, adhesion and other difficulties that commonly affect AFM. The 
cantilever is set into oscillation by a piezo crystal at the cantilevers resonant frequency 
and brought close to the sample until the tip ‘taps’ the sample surface at the bottom of 
each oscillation cycle (typically 50-500 thousand times a second). As the tip only 
intermittently contacts the sample surface, sample damage is dramatically reduced. 
Additionally, tapping mode has a large, linear operating range that makes the vertical 
feedback system highly stable, allowing routine reproducible sample measurement.
AFM also offers various other operating modes, such as lateral force microscopy, 
interleaved scanning and lift modes, and magnetic and electric force microscopy. 
However, it is a variation known as dynamic force spectroscopy that is of particular worth 
and relevance to this study.
1.7.3.4 Dynamic Force Spectroscopy -  Force Curve Measurements
The AFM is capable of recording the amount of force exerted on the cantilever by 
probing extremely small interaction areas (when using a tip radius in the range of 5- 
50nm), and gives a high sensitivity to small forces as the probe tip approaches and indents 
into a sample surface before being pulled away. For these forces to be detectable, the tip 
is suspended upon an AFM cantilever with a low spring constant, usually made from 
silicon or silicon nitride and measuring approximately 100-200pm in length. This 
technique can be utilised to measure both the long-range attractive/repulsive forces 
between tip and sample, elucidating both chemical and mechanical properties such as 
elasticity and adhesion of adsorbed layers.
In AFM imaging modes, the cantilever is scanned across the surface of the sample to 
produce a three-dimensional image of the surface. In force spectroscopy, the cantilever 
and tip are moved towards the sample until they are in contact with it, and then retracted, 
with the interaction between tip and sample measured. This can be repeated many times 
across the surface to build a map of tip-surface interactions, or alternatively repeated at 
the same point to give a more thorough statistical understanding of the interactions
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involved. Force curves (force vs. distance) typically show the deflection of the free end 
of the AFM cantilever as the fixed end is brought vertically towards and then away from 
the sample. This is performed experimentally by the application of a triangular wave 
voltage pattern to the z-axis scanner, causing the scanner to expand and contract, 
generating relative motion between the cantilever and sample. The deflection is measured 
at the free end and plotted as the cantilever extends towards the surface and retracts again. 
Table 1.2 summarises the interactions that have been measured using the AFM, to give an 
idea of the experiments that are possible and the parts of the force curves where particular 
interactions are seen.
The forces experienced by the cantilever as it approaches from several microns above the 
surface can give information about long-range interactions, such as electrostatic effects. 
As the cantilever comes close to the surface (nanometers or atomic distances), shorter- 
range forces such as van der Waals or capillary forces can be measured. When the sum of 
these forces is attractive, the tip may jump into contact with the surface, an effect referred 
as 'snap-in'.
Once the cantilever has made contact with the surface, it may be pushed into the surface 
with some force, in which case the viscoelastic properties of the sample can be 
investigated, or the stiffness (Young’s modulus) for different strain rates relating to 
maximum forces applied. When the cantilever is pulled away from the surface, adhesion 
forces can be measured, allowing the molecular interactions between the tip and sample 
surface to be measured.
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Approach
Tip far away (10-100pm) No interaction
Tip approaching (few microns) • Electrostatic forces
Tip close to surface (nanometers to 
atomic distances
• Van der Waals
• Capillary forces (air)
• Chemical potential
• Magnetic
Contact
Tip indenting sample • Stiffness (Young’s modulus, elastic response)
• Viscoelastic response
Retraction
Tip lifting off surface (atomic 
distances to nanometers)
Adhesion:
• Non-speciflc (chemical affinity, surface 
coatings)
• Ligand-receptor (antibody-antigen)
• DNA hybridisation (matched/mismatched 
pairs)
• Conformational changes in stretched 
molecules -  membrane tethers.
Tip further away (nm’s-hundreds of 
nm’s)
Stretched molecules between tip-surface:
• Protein unfolding
• Entropie elasticity
• DNA stiffness, structural transitions in 
melting
Tip far from surface (1-5 pm) Connections broken between tip and surface, no 
further interaction.
Table 1,2 Overview of the interactions measured at different points during a 
force spectroscopy cycle.
1.7.3.4.1 Understanding simple force curves
The data from an experiment is often displayed as an x-y plot. The height positions for 
the approach or retract of the cantilever are usually chosen as the x-axis, and the 
cantilever property that is being measured is the y-axis. This is usually the deflection of 
the cantilever, which can give a direct measure of the interaction force. These force- 
distance plots are usually referred to as force curves. The most direct way to plot the data 
shows the movement of the piezo during the force curve (as a distance) against the 
deflection of the cantilever. The deflection is measured by an optical beam deflection set­
up that delivers an electrical signal that is proportional to the cantilever deflection. Figure
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1.16 shows a typical interaction for an uncoated cantilever in air approaching a hard, 
incompressible surface.
Piezo Extension 
(Approach)
>
Piezo Retraction 
(Withdrawal)
Time
Figure 1.16 A schematic representation of a force plot in contact mode. 1) Piezo 
extends, tip descends, no contact with surface. 2) Tip jumps into contact with 
surface. 3) Tip indents into surface. 4) Piezo retracts, tip ascends and 
adhesion/bonding between tip and sample causes cantilever to adhere to sample. 5) 
Piezo continues retraction, adhesion breaks. 6) Piezo continues to retract and cycle 
starts again 7).
Approach/retraction curves are plotted on the same axes. As the cantilever approaches 
the surface, initially the forces are too small to give a measurable deflection of the 
cantilever, which remains in an undisturbed position. When the tip approaches close 
enough to the sample surface, the attractive forces overcome the cantilever spring 
constant and the tip jumps into contact with the surface. Once the tip is in contact with 
the sample, it remains on the surface as the separation between the base of the cantilever 
and the sample decreases further, causing a deflection of the cantilever and an increase in 
the repulsive force contact.
As the cantilever is retracted from the surface, often the tip remains in contact with the 
surface due to some adhesion and the cantilever is deflected downwards. For
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measurements in air, there is usually adhesion from capillary forces between the tip and 
sample. At a certain distance from the sample surface, the force from the cantilever will 
be enough to overcome the adhesion, and the tip will break free. Further more, hardness 
characteristics of samples as well as the molecular interactions that are expected to occur 
can be established by analysing the shape of resulting force curves. Examples of the main 
variations in force curves are shown in Figure 1.17.
Large Adhesion Small Adhesion
Hard Sample Soft Sample
Long-Range Repulsion Long-Range Attraction
Approach
Withdrawl
Figure 1.17 Summary of the different appearance of AFM force curves as a result 
of variations in sample nature.
1.7.3.4.2 Calibration of the cantilever deflection
The deflection of the cantilever spring is directly proportional to the tip-sample 
interaction force, but there are two measurements required to convert the photodetector 
signal into a quantitative value of force. The first stage is to calibrate the distance that the 
cantilever actually deflects for a certain measured change in photodetector voltage. This 
value depends on type of cantilever but also on the optical path of the photodiode, and
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will be slightly different each time the cantilever is mounted in the instrument. Once the 
deflection of the cantilever is known as a distance, x, the spring constant, k, is needed to 
convert this value into a force, F, using Hookes’ law: F = kx
A  force curve between a plain cantilever tip and a bare hard substrate is used to determine 
the sensitivity of the experimental set-up. This is a measurement of the deflection of the 
tip in nanometers for a given movement of the detection laser on the photodetector. The 
repulsive contact region, where the deflection rises deeply upwards, is linear for a hard 
surface and tip. Therefore the software can easily determine the factor for converting 
Volts into nanometers. This measurement can then be used for calibrating the applied 
forces when the samples of interest are investigated. Since the hard repulsive interaction 
regime is used for the sensitivity measurement, it should be usually performed at the end 
of an experiment, to avoid damaging the tip.
1.7.3.4.3 Force conversion and resolution
When the deflection of the cantilever is known as a distance in units of length, then this is 
simply converted to a value of force. The deflection (in meters) is multiplied by the 
spring constant of the cantilever (in N/m) to give a force in Newtons. For molecular 
interactions, forces are usually seen in the range of piconewtons to nanonewtons.
One important consideration for force measurements is the smallest detectable force. 
This is affected by many different factors, and the properties of the cantilever itself play 
an important role in determining the force resolution. In the AFM instrument, the 
deflection of the cantilever is measured by the optical detection system and there will be a 
limit on the smallest detectable deflection. For softer cantilevers, this limit on the 
detectable deflection corresponds to a lower force value. Therefore it might seem that the 
force resolution should always be improved by using a softer cantilever.
Temperature can also play a significant role in AFM experimentation, with thermal 
energy affecting fluctuations of the cantilever deflection. The soft cantilevers used for 
many single-molecule force spectroscopy experiments have significant thermal 
fluctuations. In this case, the force resolution of the instrument is usually limited by the
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thermal noise of the cantilever. The effective limit on the force resolution for a particular 
experiment can be seen from the noise on the deflection baseline.
1.7.3.4.4 Probe Modifications
The majority of AFM tips are made out of silicon nitride. Silicon nitride is a man-made 
compound that is synthesized through several different chemical reaction methods to 
produce a ceramic with a unique set of properties. The material is grey to black in colour 
and can be polished to a very smooth reflective surface. It has a high strength over a wide 
temperature range, high fracture toughness, outstanding wear resistance and good 
chemical resistance to name but a few of its properties. Silicon nitride probes can be 
manufactured to varying specifications, with variations in the spring constant (the ratio of 
the force applied to a spring to the deformation produced by that force) and tip radius 
being most valuable.
For single molecule recognition or ligand-receptor interaction experiments it is possible to 
coat the probe tips with both biological and chemical molecules of choice. This exciting 
development potentially allows the investigation of many specific molecular interactions.
Valions molecules have been immobilised upon AFM probes, including drugs, vitamins, 
hormones, antibodies and nucleic acids^^ .^ Early studies reported the direct binding of the 
ligands upon the AFM tip surface. However, immobilisation by this method does not 
allow the ligand to orientate itself freely away from the (relatively massive) AFM tip, 
severely constraining the ability of the ligand to bind with its receptor. As a result, direct 
attachment of ligands to AFM probes is far from optimal and alternative immobilisation 
approaches have been sought. Such techniques have centred on the use of flexible 
polymer linkers, such as polyethylene glycol (PEG)^^  ^ which provide space between 
ligand and tip, allowing the ligand to freely orientate itself. As a result, the ligand is 
allowed to behave much as it would if it were freely residing in solution. Furthermore, 
PEG linkers can stretch, allowing movement of the AFM tip to some extent without 
disrupting the binding interaction.
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1.8 Aims and Objectives
This thesis describes the study of hydrogel-based protein-specific molecularly imprinted 
polymers. The motivation to pursue such a line of investigation originates from the 
potential that molecularly imprinted polymers hold as artificial recognition elements, 
particularly when incorporated as the selective recognition element of a biosensor 
strategy. As discussed, reports of imprinting methodologies in the aqueous phase are few 
in number (in comparison to that of classical imprinting approaches) and as a result, the 
development of MIPs for large biological molecules of clinical significance has not been 
investigated in any great depth. The aims of this study are as follows: -
1. Optimisation of the imprinting of bovine haemoglobin (BHb) within a 
polyacrylamide based HydroMIP,
It is a primary focus to produce an aqueous phase imprinting strategy that will result in a 
generic protocol that can be used as the basis for the imprinting of a wide range of 
biological molecules. Producing this will involve optimising template removal from the 
polymer matrix by tailoring the localised polymer architecture surrounding the imprinted 
protein. Also, the manner in which the template protein is denatured and removed from 
the imprinted sites will be investigated by employing a wide range of differing elution 
solvents and compositions.
The experimental stages performed will result in a protocol that could theoretically be 
considered optimal for producing HydroMIPs for the template molecule of interest, BHb. 
This will be assessed by investigating the selectivity of the HydroMIP to the template 
molecule, in relation to both the HydroNIP control and proteins of a highly similar nature.
The optimised imprinting protocol will then be applied to the production of HydroMIPs 
for other protein templates and the interrogation of their selective nature, and will allow 
the assessment of the potential worth and true generic nature of the proposed protocol.
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2. Characterisation of protein-specific HydroMIPs
The production of imprinted cavities within a polymer matrix occurs on such a small 
scale, that the direct observation of such sites is particularly problematic. The imprinting 
effect that these cavities can display has been extensively documented, but the physical 
visualisation and report of such sites has not been so widely reported.
We aim to use three high-powered imaging techniques, all of which rely and operate upon 
different principles, to corroborate the findings of the optimisation stages performed. 
Confocal microscopy will be performed upon HydroMIPs imprinted with a fluorescent 
template protein. This will theoretically allow an understanding and overview of 
distribution of imprinted sites within the polymer matrix to be gained. Transmission 
electron microscopy will also be performed upon protein imprinted HydroMIPs following 
the novel cryo-preparation of hydrogel materials. This technique will theoretically 
provide both the resolution and magnification necessary to visualise the imprinted sites. 
Finally, atomic force microscopy will be employed in two different manners to provide 
further information regarding the nature of the HydroMIP materials. Contact mode AFM 
will provide topographic images of the HydroMIP surfaces. Force curve measurements 
operated in contact mode will also be made following the biomolecular modification of 
the AFM probes. The resulting force curve data will detail the molecular interactions 
occurring between the AFM tip, and the HydroMIP materials.
3. Application of protein-specific HydroMIPs in optical biosensor strategies
Optical biosensing strategies offer an incredibly high degree of sensitivity. The principle 
of dual polarisation interferometry that is embodied within the AnaZ/g/z/(E)Bio200 
instrument will theoretically allow the interrogation of molecular interactions between the 
template molecule and optimised HydroMIP material in real time. We aim to report of 
the incorporation of the BHb-HydroMIP as the selective recognition element of an optical 
biosensing strategy. We will further detail the characterisation of the HydroMIP material, 
as well as quantify the imprinting effect as a result of observed changes in the optical 
parameters of the analysis technique.
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CHAPTER 2
OPTIMISATION OF PROTEIN SPECIFIC 
IMPRINTING METHODOLOGIES
2.1 Introduction
The success of a MI protocol is highly dependent upon the design, development and 
optimisation of multiple factors that all play a key role in the formation of a molecularly 
imprinted polymer. It is only following such extensive attention to experimental 
methodology, that subsequent analysis and application of the (in this case) protein- 
specific smart material can be performed.
Despite the theory and understanding of the principles underpinning molecular imprinting 
in the aqueous phase being relatively well established, the number of reports documenting 
successful polyacrylamide based imprinting protocols are few in number. Hjerten et al '^  ^
detailed the investigation of a variety of important experimental parameters which have 
formed a solid experimental understanding upon which this study is based. More 
recently, the work of Hjerten et al has been furthered, with the understanding of 
imprinting protocols performed in a polyacrylamide matrix enhanced by the works of 
Guo et af'^ and Ou et af .  However, despite the increasing number of references 
describing the successful use of polyacrylamide in MI, the extensive investigation into the 
efficient and effective removal of protein template molecules from within a 
polyacrylamide polymer matrix has not been performed.
Complete or maximal removal of the template from the HydroMIP is of paramount 
importance. Failure to do so will result in not only a poor imprinting effect, but also the 
possibility of template leaching or bleeding, which becomes a major concern when 
performing trace and ultra trace analysis.
We believe that at present, there are two main approaches to maximising template 
removal from the polymer matrix. The first involves optimising the physical 
characteristics of the gel that enable the elution solvent maximum access to the template
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molecule. The second involves optimising the methods used to denature the template 
protein from the imprinted matrix. A combination of optimising both the structural 
architecture of the gel itself and the manner in which template removal is performed, will 
theoretically lead to an imprinting protocol that will produce an efficient, selective and 
reproducible artificial recognition system.
This chapter details the experimental work performed to optimise the removal of the 
template molecule from a BHb-HydroMIP, and the subsequent imprinting effect 
achieved. The degree of granulation that the gels were subjected to and the cross-linking 
density of the polymer matrix have been optimised, as has the polymerisation reaction 
itself, by optimising both the initiator and catalysis reagents that FRP polymerisation 
relies upon. The effect of differing elution solvents (and their compositions) upon 
template removal have also been optimised. We also report data that details the effects of 
pH upon the reloading of the template molecule, which is an important factor to consider 
in designing an imprinting protocol and will invariably be a key consideration, when 
imprinting biological molecules of clinical significance.
A combination of these optimised criteria allow us to suggest a generic imprinting 
protocol that may theoretically be applied to the molecular imprinting of all biological 
molecules.
2.2 Materials and Methods
2.2.1 M aterials
Acrylamide, ammonium persulfate (APS), N, N'-methylenebisacrylamide 
(bisacrylamide), N,N,N',N'-tetramethylethyldiamine (TEMED), bovine haemoglobin 
(BHb -  lyophilised powder), sodium dodecyl sulfate (SDS), trypsin (from bovine 
pancreas, essentially salt free lyophilised powder, >10 000 BAEEE units/mg protein) and 
urea were purchased from Sigma (Poole, UK). Acetic acid (AcOH), hydrochloric acid 
(HCl), sodium chloride (NaCl) sodium hydroxide (NaOH) and 4-vinylpyridine (4-VP) 
were purchased from Fisher Scientific (Loughborough, UK) and phosphate buffer tablets 
(PBS) were purchased from Oxoid (Basingstoke, UK).
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2.2.2 M ethods
2.2.2.1 Solution Preparation
5%, 10% and 15% (v/v) solutions of AcOH containing 5%, 10% and 15% (w/v) SDS 
respectively were prepared, as were solutions of NaCl (O.IM and 0.5M) and urea (IM, 
3M, 5M and lOM) in reverse osmosis (RO) water. Trypsin solutions were prepared in 
PBS (pH 7.4) to give substrate:enzyme ratios (S:E) of 10:1, 30:1 and 50:1. Stock 
solutions of BHb were prepared in RO water and each of the AcOH/SDS, NaCl, urea and 
trypsin solutions to give a final concentration of 0.3mg/ml. 3mg/ml solutions of BHb in 
RO water and PBS (buffered to pH 4, 7 and 9 with NaOH and HCl) were prepared, as 
were 1%, 5%, 10% and 15% (v/v) solutions of TEMED and a 10%, 20%, 30% and 40% 
(w/v) solutions of APS.
2.2.2.2 UV Spectrophotometry -  Protein Calibrations
Calibration curves were prepared (0-0.3mg/ml) for each of the BHb protein solutions (in 
varying solvents) by performing serial dilutions of the 0.3mg/ml stock solutions with 
appropriate solvent. Determination of protein concentration was performed at peak 
wavelength (having performed spectral scans) using a UVmini-1240 CE 
spectrophotometer (Shimadzu Europa, Milton Keynes, UK).
2.2.2.3 HydroMIP Production -  Cross-linking Study
BHb (12mg), acrylamide (57mg), bisacrylamide (3mg) and lOpl of APS (10% w/v) were 
dissolved in 1ml RO water in a sealable 7ml polystyrene/polyethylene bijou. 
Polymerisation occurred overnight at room temperature fblloAving deoxygenation of the 
solution and addition of 20pi TEMED (5% v/v). The polymerisation vesicle was capped 
to ensure that the deoxygenated solution was not exposed to air. This gave a final cross- 
linking concentration of 5%. HydroMIPs of differing cross-linking concentrations were 
prepared in a similar manner by adding 54mg acrylamide/6mg bisacrylamide, 51 mg 
acrylamide/9mg bisacrylamide and 42mg acrylamide/18mg bisacrylamide to give 10%, 
15% and 30% respectively. Non-imprinted control gels were made in an identical manner 
in the absence of BHb. All gels were granulated through a 75pm sieve (Endecotts Ltd,
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London, UK) and washed with five 2ml volumes of RO water followed by five 2ml 
volumes of 10%AcOH/10%SDS eluant. BHb (2mls of a 3mg/ml solution) was applied to 
the HydroMIP (6mg total reloaded protein) following equilibration of the gel with an 
excess of RO water, and allowed to associate with the imprinted gel for lOmins. The gels 
were washed with four 2ml volumes of RO water eluted in five 2ml volumes of 
10%AcOH/10%SDS. Each wash/elution step was performed by centrifugation at 
3000rpm for 5mins using a Centaur II centrifuge (Fisher Scientific, Loughborough, UK) 
with all supernatant fractions collected for analysis. All samples were diluted into the 
appropriate wash/elution solvent to fall within the calibration range by visually assessing 
the intensity of the coloured sample fractions before analysis at peak wavelength.
2.2.2.4 HydroMIP Production -  Gel Granulation Size
10% cross-linked HydroMIPs and HydroNIPs were prepared as described in section 
2.2.2.3. All gels were granulated through 38pm, 75pm or 150pm sieves (Endecotts Ltd, 
London, UK) and washed with five 2ml volumes of RO water followed by five 2ml 
volumes of 10%AcOH/10%SDS eluant. Reloading, washing, elution, sample dilution 
and analysis were performed as described.
2.2.2.5 Polymerisation Optimisation -  APS
BHb (12mg), acrylamide (57mg) and bisacrylamide (3mg) were dissolved in 1ml RO 
water. lOpl of a 10%, 20%, 30% or 40% (w/v) solution of freshly made APS was added. 
Polymerisation occurred overnight at room temperature following deoxygenation of the 
solutions and addition of 20pl (5% v/v) TEMED solution. All gels had a final cross- 
linking concentration of 10% whilst containing differing concentrations of polymerisation 
initiator, and HydroNIP controls were prepared in an identical fashion in the absence of 
BHb. All gels were granulated through a 75pm sieve and washed with five 2ml volumes 
of RO water followed by five 2ml volumes of 10%AcOH/10%SDS. BHb was reloaded 
(2mls of a 3mg/ml solution) and washing/elution was performed by four 2ml volumes of 
RO water followed by five 2ml volumes of 10%AcOH/10%SDS. All washing and 
elution was performed by centrifugation as previously described, as was 
spectrophotometric analysis of supernatant fractions.
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2.2.2.6 Polymerisation Optimisation -  TEMED
BHb (12mg), acrylamide (57mg), bisacrylamide (3mg) and lOpl of 10% (w/v) APS were 
added to 1ml RO water. Polymerisation occurred overnight at room temperature 
following dexoygenation of the solutions and the addition of lOpl, 20pl, 30pl or 40pl of 
either a 10%, 20%, 30% or 40% (v/v) TEMED solution. All gels had a final cross-linking 
concentration of 10% whilst containing differing concentrations of polymerisation 
catalyst, and HydroNIP controls were prepared in an identical fashion in the absence of 
BHb. All gels were granulated through a 75 pm sieve and washed with five 2ml volumes 
of RO water followed by five 2ml volumes of 10%AcOH/10%SDS. BHb was reloaded 
(2mls of a 3mg/ml solution) and washing/elution was performed by four 2ml volumes of 
RO water followed by five 2ml volumes of 10%AcOH/10%SDS. All washing and 
elution was performed by centrifugation as previously described, as was 
spectrophotometric analysis of supernatant fractions.
2.2.2.7 Polymerisation Optimisation -  Co-monomer Complexes
BHb (12mg), bisacrylamide (3mg) and lOpl of a 40% w/v APS solution were dissolved in 
1ml RO water. To this, 6.2pl, 12.4pl or 18.6pl of 4-VP was added to give a final 4-VP 
co-monomer concentration (in terms of total monomer concentration) of 10%, 20% or 
30%. Polymerisation occurred overnight at room temperature following deoxygenation 
of the solutions and addition of 20pl (5% v/v) TEMED solution. All gels had a final 
cross-linking concentration of 10% whilst being of differing functional monomer 
compositions, and HydroNIP controls were prepared in an identical fashion in the absence 
of BHb. All gels were granulated through a 75 pm sieve and washed with five 2ml 
volumes of RO water followed by five 2ml volumes of 10%AcOH/10%SDS. BHb was 
reloaded (2mls of a 3mg/ml solution) and washing/elution was performed by four 2ml 
volumes of RO water followed by five 2ml volumes of 10%AcOH/10%SDS. All 
washing and elution was performed by centrifugation as previously described, as was 
spectrophotometric analysis of supernatant fractions.
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2.2.2.S Template Rem oval-Elution Solvents
10% cross-linked HydroMIPs and HydroNIPs were prepared as in section 2.2.2.3. All 
gels were granulated through a 75 pm sieve and washed with five 2ml volumes of RO 
water followed by five 2ml volumes of either 0.1 M NaCl, 0.5M NaCl, IM urea, 3M urea, 
5M urea, lOM urea, 5%AcOH/5%SDS, 10%AcOH/10%SDS or 15%AcOH/15%SDS. 
Each wash/elution step was performed by centrifugation at 3000 rpm for 5mins. 
Rebinding and washing of BHb was performed as previously described with elution of the 
rebound BHb occurring in the respective solvents. Sample dilution and analysis was 
performed in the appropriate solvent as previously described.
2.2.2,9 Template Removal -  Trypsin Digest
10% cross-linked HydroMIPs and HydroNIPs were prepared and granulated through a 
75 pm sieve as before and washed with five 2ml volumes of RO water. The gels were 
then incubated at 40°C for 12hrs with 2ml trypsin (S:E of 1:10, 1:30, 1:50 and 1:100 
respectively). Following incubation, centrifugation occurred at 3000rpm for 5mins, 
followed by four 2ml washes of PBS. The trypsin digests and all wash stages were 
performed in PBS at pH 7. BHb was reloaded as before (2mls of a 3mg/ml solution) with 
trypsin digestion and PBS washing again performed with all supernatant fractions 
collected for analysis. Sample dilution and analysis was performed as previously 
described.
2.2.2.10 Template Rebinding -  pH Effect
10% cross-linked HydroMIPs and NIPs were prepared and granulated (75 pm) as before 
and washed with five 2ml volumes of RO water followed by five 2ml volumes of 
10%AcOH/10%SDS eluant. 2mls of 0.3mg/ml BHb in RO water was reloaded onto both 
HydroMIPs and HydroNIPs, as was 0.3mg/ml BHb in PBS buffered to pH 4, 7 and 9 
respectively. The gels were again washed with RO water, and protein eluted with 
10%AcOH/10%SDS as previously described. Each wash/elution step was performed by 
centrifugation at 3000rpm for 5mins with all supernatant fractions collected for analysis.
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2.3 Results and Discussion
The quality of a HydroMIP as an artificial receptor mechanism can be quantified in a 
number of ways. This can be assessed experimentally by calculating the binding affinity 
(i.e. the equilibrium association or dissociation constant between the ligand and the 
network), the binding capacity (i.e. the maximum ligand bound per mass or volume of 
polymer) or the selectivity (i.e. the ability to differentiate between the ligand and other 
molecules) of the material. In this section of work, all studies involve quantifying an 
imprinting effect in terms of the binding capacity of the HydroMIP material in relation to 
a HydroNIP control. A 'MIP' or TSTIP' effect can be determined by examining the trends 
obtained from the analysis of the protein (template) content in three experimental 'phases'.
It is important to understand that prior to analysis, the template molecule was removed 
from within the imprinted cavities of the polymer gel. This was performed by a series of 
washes using what has been termed the 'elution solvent', and is an integral part of any 
imprinting protocol. Following the elution of the template, the HydroMIP was in a 
physical state that was appropriate to accept the reloading of the template molecule that 
was performed using a simple rebinding study.
The first experimental phase is the 'load' phase in which the template molecule is re­
introduced to the polymer matrix. If imprinted sites have been formed, the protein will 
bind within theses cavities. The second 'wash' phase employs water to remove free, 
unbound protein from the polymer. Finally, the 'elution' phase involves the removal of 
any re-bound protein using the original dénaturation solvent. Spectrophotometric analysis 
of the protein content of the experimental fractions that combine to form each phase is 
highly indicative of MIP or NIP traits.
The presence of large amounts of protein in the elution phase of a MIP (in relation to the 
load and wash phase) is most indicative of an imprinting effect and suggests that protein 
has rebound within the imprinted cavities of the gel. Conversely, a NIP prepared under 
identical conditions would display little protein in the elution phase in relation to the load 
and wash fractions. It is of paramount importance therefore to demonstrate a pronounced 
retention effect of template by the MIP, when compared to NIP.
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Figure 2.1 shows idealistic MIP and NIP effects. The MIP details a successful imprinting 
protocol, where a very small percentage of template is detected in the load phase, as the 
majority has bound within the imprinted cavities to which it has been exposed. As the 
template molecules are firmly bound within the cavities by a plethora of non-covalent 
interactions, the water washes have little effect in facilitating their removal. Finally, upon 
employment of the elution solvent, the template is denatured and removed.
Recovery (7o) 50
W ash
Elution
Figure 2.1 Idealistic MIP and NIP trends observed following a successful 
imprinting and non-imprinting protocols.
Conversely, the NIP trends observed detail a non-imprinted polymer or unsuccessful 
imprinting protocol. The lack of imprinted cavities result in a large percentage of the 
template being immediately detected in the load and wash phases, as water is a solvent of 
sufficient strength to remove any residual template from the polymer matrix in which it is 
freely residing. Finally, as no binding events have occurred, little or no template is eluted 
in the elution phase. The imprinting effect can be quantified in terms of the actual 
amount of template detected or alternatively as a percentage of the total template 
reintroduced to the gel. Both methods clearly allow the visualisation of the trends 
observed.
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In order to fully understand the results obtained and propose ineehanisms of action for the 
observed findings, it was necessary to employ a rigorous analytical technique for all 
experimental analysis. This in turn allowed the accurate determination of the protein 
content of experimentally derived samples, which allowed the elucidation of valuable 
information regarding the molecular binding events that occur. UV-VIS 
spectrophotometry has been employed as the analysis method of choice, as it is quick, 
accurate, and has a sensitivity that is applicable to the detection range in which we are 
operating.
Calibration curves for the proteins of interest were prepared in all relevant solvents. The 
linear section of the calibration curves (relating to the Beer-Lambert region in which 
sample concentration is proportional to absorbance) was used to facilitate the 
quantification of protein content of each of the load-wash-elution phases. From this, 
imprinting trends were determined. Figure 2.2 shows an example of the calibration 
curves produced. Due to the repetitive nature of the data obtained, individual calibrations 
for each experimental sample are not shown.
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Figure 2.2 0-0.3mg/mI calibration of BHb in RO water.
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2.3.1 Optimisation o f HydroM IP Architecture
Template removal was performed by denaturing the protein template using an optimised 
elution solvent. Prior to this, it was necessary to optimise the structural form of the 
polyacrylamide gel matrix to offer a localised environment that allowed an appropriate 
degree of physical access to the imprinted sites whilst still maintaining the ability to form 
molecular imprints. This was performed by experimentally optimising the cross-linking 
density of the gel, the size to which the gel was granulated, the initiation and catalysis 
parameters of the hydrogel free radical polymerisation and the utility of a co-monomer 
complex. A study of the physical and chemical methods of template extraction from 
MIPs prepared by a bulk monolith approach has been reported by Ellwanger et af’, but to 
our knowledge, template removal strategies from hydrogel based MIPs has only been 
previously reported by ourselves as a result of this work^.
2.3.1.1 Granulation Size
In order to allow access to the molecularly imprinted cavities, the gel plug (that was 
obtained following polymerisation) was granulated. If this was not performed, wash and 
elution solvents employed to remove the template would not be able to penetrate the gel 
resulting in inefficient template removal. Granulation of gels allows access to the body of 
the gel matrix, and the effect of granulating down to 38pm, 75pm and 150pm has been 
evaluated.
Table 2.1 shows the percentage template removal and subsequent imprinting effect 
obtained when the granulation of both HydroMIP and HydroNIP was performed to 
differing degrees. Surprisingly, a trend between percentage template removal and 
granulation size was not observed. Theoretically, by granulating the gels to a higher 
degree (i.e. 38pm) the template is exposed to a greater extent than if it were granulated to 
a lesser degree (i.e. 150pm), which in turn should be reflected by the total percentage 
template removal values. This was not the case. Contrary to what was expected, the 
150pm granulated gel offered the highest degree of template removal (71%) compared to 
63% and 61% template removal for the 38 pm and 75 pm granulated gels respectively.
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"MIP" Effect - % Distribution 
of Reloaded Protein
Parameter % Template Removal Load Wash Elute
Granulation Size
MIP
38pm 63.0 19.0 20.5 60.5
75 pm 61.0 14.5 22.0 63.5
150 pm 71.0 21.4 34.0 44.6
NIP
38 pm - 65.6 26.7 7.8
75 pm - 63.1 31.0 6.9
150 pm - 55.7 38.5 5.8
Table 2.1 Effect of granulation size upon the degree of template removal, and 
subsequent imprinting effect of BHb-HydroMIPs. The "MIP" effect is 
characterised in terms of the observed percentage distribution of BHb, following the 
reloading, washing and elution of the protein from the HydroMIP. All values are 
means of duplicate results. Percentage template removal = (Mass of template 
removed/Original mass of template) X 100.
Granulation size did not play a role in altering the degree of non-specific binding of 
protein upon the HydroNIP control as little protein was detected in the elution phase at all 
granulation sizes with typical NIP load-wash-elution profiles obtained in each case.
An imprinting effect was evident for all HydroMIPs subjected to differing degrees of 
granulation, particularly those granulated to 38 pm and 75 pm. The observed imprinting 
effect is more evident in Figure 2.3 where a direct comparison between MIP and NIP is 
made. The load, wash and elution trends that are indicative of a MIP effect are clear to 
see with the 38 pm and 75 pm gels exhibiting the most contrasting MIP and NIP elution 
profiles.
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□  Load
□ W ash
□  Elution
Figure 2.3 The effect of Hydrogel granulation size upon the molecular imprinting 
of BHb -  MIP vs. NIP. Data sets are means of repeat experiments, with the errors 
bars showing the actual results obtained.
The granulation sizes employed cover a reasonably wide range (38pm-150pm) however it 
is plausible that the degree of granulation was simply not sufficient enough to induce a 
clear relationship between template removal and granulation size. This factor was limited 
by the experimental apparatus available, with 38 pm being the smallest sieve size at our 
disposal. When considering that the template molecule in question (BHb) measures 
5.5nm in diameter, it is unlikely that a significant effect or trend would be observed over 
a 38pm-150pm range, and only upon investigating a granulation range of at least an order 
of magnitude would we expect to see such a change in percentage template removal 
values.
The optimal granulation size for this and all subsequent experimental work was 75 pm. 
Despite the total percentage template removal for the 75pm gel being the lowest of the 
three experimentally derived values, the difference between the three is negligible. Most 
importantly, the comparison in load, wash and elution profiles between MIP and NIP is 
most significant for the 75pm granulated gel.
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2.3.1.2 Cross-linking Density
The cross-linking density is another physical characteristic that must first be optimised in 
order to produce the 'best' imprinting effect. As the degree of cross-linking within a gel 
increases, so does the rigidity and general structural stability of the gel^ .^ This, in effect, 
offers the template molecule a more structured support architecture which promotes the 
formation of templatermonomer interactions within the highly cross-linked environment. 
This is a highly attractive trait to be able to engineer and modify as in theory, by simply 
increasing the cross-linking density, one can manufacture a gel that has more active sites 
available to form molecularly imprinted cavities. This offers a higher load capacity and 
increased selectivity to the template.
In practice however, several experimental considerations must be taken into account 
when designing the cross-linking density of a hydrogel. Gels of high cross-linking 
densities (>30%) tend to be very difficult to work with as they are extremely rigid and can 
spontaneously polymerise prior to the addition of the polymerisation initiator^ \  
Additionally, although increasing the cross-linking density theoretically increases the 
number of potential imprinting sites, the template becomes highly entrapped within the 
dense polymer matrix making template removal (particularly of large biomolecules) 
highly problematic^^.
Therefore, investigation of cross-linking density is a vital component in developing an 
optimised HydroMIP. A suitable compromise between the formation of a highly cross- 
linked imprinted gel, and the ability to remove the template from the gel must be 
achieved.
The imprinting characteristics of 5%, 10%, 15% and 30% cross-linked polyacrylamide 
HydroMIPs were investigated. Cross-linking is defined as the percentage composition of 
the cross-linking agent (bisacrylamide) in relation to the total monomer component 
(acrylamide + bisacrylamide) of the gel. The elution solvent employed was a 10% 
AcOH/10% SDS solution, and granulation was performed at 75 pm as previously 
optimised.
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Table 2.2 shows the effect of differing cross-linking densities upon the percentage 
template removal from a BHb specific HydroMIP, and the influence cross-linking has 
upon the load-wash-elution profiles of both MIP and NIP. It is clear to see that variations 
in cross-linking density have no significant effect upon the non-specific binding of BHb 
to HydroNIP controls. Minimal levels of protein were detected in the elution phase at all 
cross-linking densities, resulting in typical NIP load-wash-elution profiles in each case.
A clear imprinting effect was achieved with HydroMIPs at all cross-linking densities. 
Small percentage recoveries were detected in the load and wash phases, with the majority 
of the bound protein being subsequently removed from the gels in the elution phase. This 
indicates that BHb was selectively rebound within the imprinted cavities, and 
subsequently eluted only by the AcOH/SDS elution buffer.
"MIP" Effect - % Distribution of 
Reloaded Protein
Parameter % Template Removal Load Wash Elute
Cross-linking
MIP
5% 53.6 6.4 16.9 76.7
10% 47.6 4.8 5.2 90.0
15% 54.5 6.3 6.1 87.6
30% 62.7 24.8 25.0 50.2
NIP
5% - 68.2 27.9 3.9
10% - 55.6 40.6 3.8
15% - 53.8 42.1 4.1
30% - 62.6 33.9 3.5
Table 2.2 Effect of differing cross-linking densities upon the degree of template 
removal, and subsequent imprinting effect of BHb-HydroMIPs. The "MIP" effect is 
characterised in terms of the observed percentage distribution of BHb, following the 
reloading, washing and elution of the protein from the HydroMIP. All values are 
means of duplicate results. Percentage template removal = (Mass of template 
removed/Original mass of template) X 100.
In comparison, all HydroNIPs show little retention of protein, indicating that BHb 
specific cavities we not present in the control gels. This strongly suggests that cavities
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must have formed during the polymerisation of the HydroMIP materials due to the 
association of the template with the functional monomer and its subsequent removal. 
Figure 2.4 shows a direct comparison between HydroMIPs of various cross-linking 
densities and the relevant HydroNIP control.
□ Load
□  W ash
□  Elution
5%
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Figure 2.4 The effect of differing cross-linking density upon the molecular 
imprinting of BHb -  MIP vs. NIP. Data sets are means of repeat experiments, with 
the errors bars showing the actual results obtained.
The percentage template removal data obtained (Table 2.2) was unexpected. Varying the 
cross-linking density of the gels had little effect upon template removal percentages, as 
HydroMIPs of 5%, 10% and 15% cross-linking generated template removal percentages 
of 53.6%, 47.6% and 54.5% respectively. The value of 62.7% (30% cross-linked gel) 
would suggest that increasing the cross-linking density of a gel can increase the degree of 
template removal achieved.
It is more likely however that fewer imprinted cavities formed in the 30% cross-linked gel 
than in gels of other cross-linking densities. This is indicated by the detection of a high 
percentage distribution of protein in the initial load phase (24.8%) compared to an 
average value of ~5% for all other gel compositions, which suggests a decreased number 
of imprinted binding sites were formed due to the excessively cross-linked polymer
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matrix. This is further supported by the low elution percentage of 50.2% compared to the 
values obtained for the other cross-linked HydroMIPs. As fewer imprinted cavities are 
evident, less protein can selectively bind to the HydroMIP, a feat reflected in the 
subsequent elution values. It is also possible that the degree of cross-linking influenced 
the manner in which the template protein was allowed to move back into the polymer 
matrix when attempting to rebind. The AcOH/SDS elution solvent is known to unravel 
the globular protein into linear subunits^ .^ It is likely that these linear protein fragments 
can easily move out of the (differing) cross-linked matrix. However, when the native, 
globular proteins are reloaded on the HydroMIP, the highly cross-linked gels (30%) 
prevent the protein from reaching the imprinted sites.
For all further experiments, the cross-linking density was optimised at 10% for two main 
reasons. Firstly, the clearest and most significant MIP effect was achieved. This is 
graphically represented in comparison to a 10% cross-linked HydroNIP in Figure 2.4 and 
by the elution value of 90% in Table 2.2. Secondly, although the template removal 
percentage was highest for a 15% cross-linked gel (excluding the 30% cross-linked gel), 
the 15% gel was difficult to physically manipulate in terms of its rigidity and resistance to 
granulation and its rapid polymerisation upon addition of TEMED ^ ^
2.3.1.3 Polymerisation Optimisation
The optimisation of the polymerisation parameters, particularly that of the APS and 
TEMED concentration of the pre-polymerisation monomer solution is vital in developing 
a working imprinting protocol. In this instance, FRP occurs when acrylamide, in the 
presence of the cross-linker bisacrylamide and the catalyst TEMED is initiated by APS. 
The initiator concentration plays a role in gel structure formation, as the greater its 
concentration, the greater the number of growing polymer chains during the propagation 
stage of polymerisation, which results in a shorter chain length^ "^ . TEMED acts as an 
electron carrier and causes the production of free radicals from the APS which accelerates 
polymerisation. TEMED provides an unpaired electron to the acrylamide monomer, 
which becomes activated and goes on to begin the polymer chain reaction. The use of 
APS and TEMED was experimentally optimised.
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Figure 2.5 shows a comparison of BHb specific HydroMIP gels prepared using 10%, 
20%, 30% and 40% APS respectively. In all cases, 12mg of BHb was incorporated into 
the pre-polymerisation solution, with granulation and cross-linking as optimised in 
section 2.3.1.1 and 2.3.1.2 respectively. Template elution was performed using a 10% 
AcOH/10% SDS solution. Gels made to these parameters have been termed the ‘native 
gel’. The subsequent wash and elution phases detail the mass of protein remaining in the 
gel and in effect, describe the effect of APS concentration upon gel formation and the 
subsequent template removal effect observed.
Wash 3 Wash 4 Wash 5 Elution Elution
2 Elution Elution
W a sh i Wash 2
40% APS 
30% APS 
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10% APS
Figure 2.5 Comparison of BHb template removal at differing APS 
concentrations.
It can be seen that at 30% and 40% APS, almost no protein was removed from the gel by 
either the wash or elution solvents (Omg and 0.18mg respectively). At 20% APS, 2.14mg 
of BHb was removed from the gel by the water washes, and a further 1.92mg by the 
AcOH/SDS eluant. At 10% APS, 4.1 mg of protein was removed by the water washes, 
and a further 2.46mg by the eluant, with a total template removal percentage of 55%.
A clear trend is observed -  as the concentration of APS decreases, the composition of the 
gel changes in a manner that results in an increase in template removal. It appears that at 
20% and 10% APS, the water washes have a dénaturation effect upon the template
78
molecule. However it is highly unlikely that the water removes the protein by 
dénaturation. It is more likely that at these low APS concentrations, despite all gels being 
of the same cross-linking density, the gels are less densely formed due to a lower 
concentration of polymer chains which in turn are of a longer chain length than those at 
higher APS concentrations. This results in the template molecules being less rigidly 
entrapped within their molecularly imprinted cavities.
Figure 2.6 details a direct comparison between respective HydroMIP and HydroNIP 
profiles at differing APS concentrations following the reloading of 6mg of BHb upon 
each gel. At 30% and 40% APS, although a typical NIP trend is observed with the 
majority of protein being detected in the load and wash phases, the total recovery values 
(3.13mg and 1.73mg for 30% and 40% APS respectively) indicate that large proportions 
of the 6mg total that was loaded onto the gels was not subsequently removed. This 
suggests that the highly dense polymers that occur as a result of the high APS 
concentrations promote the non-specific binding of the template molecule, which whether 
specifically or non-specifically bound, is difficult to remove.
OLoad
n W ash
□Elution
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Figure 2.6 The effect of differing APS concentrations upon the molecular 
imprinting of BHb -  MIP vs. NIP.
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The gels of 10% and 20% APS concentration produce more typical non-specific binding 
trends. The majority of protein is detected in the load and wash phases, with little 
detected in the elution phase.
A clear imprinting effect was observed at all APS concentrations used. The 10% APS 
gels behaved in a ideal manner -  no protein was detected in the load and wash phases, 
with all protein detected in the elution phase. The 20% APS gel also behaved well, with 
slightly less elution of template, which is almost certainly due to the integrity of the gel 
changing as a result of the increased APS concentration. Large amounts of protein were 
also detected upon elution of the template protein with the eluant in the 30% and 40% 
APS gels. This is surprising considering that no template was removed from the gels 
initially (as discussed). However, when the non-specific binding traits of the gels at high 
APS concentrations is considered, it is plausible to attribute the protein detected in the 
elution phase to non-specific binding within the HydroMIPs, rather than binding and 
subsequent elution that occurred within molecularly imprinted cavities.
It is interesting to note that the integrity of the gels can be altered to such an extent by 
changing the concentration of the APS used, and this may become relevant in future 
applications of HydroMIPs for other biomolecules. However, the fact remains that at 
high APS concentrations and with elution performed by AcOH/SDS, the template 
molecule cannot be removed, and non-specific binding of the protein occurs to a high 
degree. The APS concentration is optimal at 10% (w/v), and this concentration will be 
employed for all future HydroMIP optimisation.
APS is obviously a very important component in FRP and its optimisation in developing a 
polyacrylamide based imprinting strategy is vital. However, to fully optimise the FRP 
reaction, TEMED, which causes the production of free radicals from the APS and in turn 
accelerates polymerisation, must also be fully optimised.
When producing a polyacrylamide gel, invariably there is a certain degree of unreacted 
acrylamide solution that remains due to the incomplete polymerisation of the pre­
polymerisation solution. Therefore, when assessing the effect of differing concentrations 
of the FRP catalyst TEMED upon template removal and imprinting efficiency, the 
volume of unreacted acrylamide can give a good indication of the success of a
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polymerisation reaction. Any unreaeted aerylamide solution also produces a degree of 
error into any subsequent results, as all template removal values are based upon the 
assumption that all of the pre-polymerisation solution polymerised fully. FRP of 
aerylamide is also highly susceptible to contaminants that invariably act to inhibit 
polymerisation. Any molecule that is present in the pre-polymerisation solution (such as 
a protein template molecule) will affect the polymerisation of the gel. This is a major 
factor that needs to be considered when attempting to produce a MIP.
TEMED solutions were prepared in RO water to give final concentrations of 1%, 5%, 
10% and 15% (v/v) respectively. The effect of adding lOjil, 20pl, 40pl and 80pl of each 
concentration TEMED solution, upon the degree of polymerisation of both HydroMIP 
and HydroNIP controls was assessed. The previously optimised conditions of 10% cross- 
linking, 75pm granulation and 10% APS solution were used along with a 10% 
AcOH/10% SDS elution solvent. The unreaeted aerylamide solution was extracted by 
pipette, and displayed in Table 2.3.
Volum e o f unreacted aerylam ide (p.1)
TEMED Cone (v/v) lOpl 20pl 40pl 80pl
MIP
1% 735 610 130 110
5% 177 106 91 98
10% 135 105 90 55
15% 160 125 120 105
NIP
1% 140 80 40 25
5% 65 40 20 15
10% 20 20 15 0
15% 10 8 5 0
Table 2.3 The effect of the use of different concentrations and volumes of 
TEMED when producing HydroMIFs and HydroNIPs, upon the approximate 
volume of unreacted aerylamide within the polymerised gel. All values are means of 
duplicate results.
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A general trend is observed for both HydroMIPs and HydroNIPs. At all concentrations of 
TEMED used, as the volume of TEMED increases, the volume of unreaeted aerylamide 
solution decreases. This is expected when considering the role that TEMED plays in the 
catalysis of the FRP reaction, as a lack of the TEMED molecule will result in the deficient 
production of free radicals from APS to initiate and propagate polymerisation. It is also 
evident that the presence of the protein template molecule acts as a contaminant inhibiting 
polymerisation, as comparable HydroMIP and HydroNIP gels that were identical in 
nature (apart from the absence of the template molecule in the HydroNIP) produced 
highly contrasting values in terms of the volume of unreaeted aerylamide solution (73 5 pi 
compared to 140pl for 1% HydroMIPs and HydroNIPs respectively).
When considering that each experiment concerns the analysis of a 1ml aliquot of 
monomer solution (that was then polymerised), it is wholly inappropriate to propose the 
use of a 1% TEMED solution in an imprinting protocol. At all volumes used (for the 
HydroMIPs), excessive amounts of un-polymerised aerylamide remained. This was 
particularly evident when lOpl of the 1% solution was used, which resulted in over 70% 
of the aerylamide solution not reacting. This also applied to the 5% TEMED solution up 
to the use of a 20pl. At all other concentrations and volumes, approximately lOOpl per ml 
remained unreaeted.
Despite large volumes of the pre-polymerisation solution not reacting upon addition of 
varying volumes of a 1% concentration solution, the imprinting effect was still assessed 
by reloading BHb upon the HydroMIPs. Figure 2.7 shows the imprinting effects obtained 
from BHb HydroMIPs that were produced using lOpl, 20pl, 40pl and 80pl volumes of a 
1% TEMED solution.
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Figure 2.7 The percentage distribution of BHb recovered from each of the load, 
wash and elution phases, following the addition of lOpl, 20pl, 30pl and 40pl of 1% 
(v/v) TEMED.
An imprinting effect is evident (to differing degrees) at all volumes of 1% TEMED 
solutions used, with protein detected in the elution phase at all concentrations. The 
imprinting effect however is poor when a lOpl volume of 1% TEMED is used, but 
significantly increases as the volume of TEMED increases from 20pl to 40pl to 80pl. 
This indicates that at low volumes and concentrations of TEMED, the polyacrylamide 
matrix does not form to an extent that enables molecular imprints to be produced. 
HydroNIPs produced in an identical manner to the HydroMIPs (in the absence of 
template) behaved in a predicted manner with no significant imprinting effect occurring at 
all volumes of 1 % TEMED used (not shown).
Although large amounts of unreaeted aerylamide solution are present when using a 1% 
TEMED solution at all volumes, the fact that clear and distinct imprinting effects can still 
be produced (in certain instances) highlights the versatility of the technique. 
Additionally, although the aim was to produce a generic imprinting methodology for use 
with all biological molecules, the subtle optimisation of each imprinting protocol will be 
necessary on an individual basis. Therefore, it is entirely possible that certain biological 
molecules will not tolerate environments that contain high TEMED concentrations, and
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therefore it is valuable to know that imprinting effects can be produced at low 
concentrations of TEMED, when using (relatively high) volumes of the eatalyst (>60pl).
Direct comparisons of the MIP and NIP effects observed when 1 Opl, 20pl, 40pl and 80pl 
of 5%, 10% and 15% TEMED were used to produce both HydroMIPs and HydroNIPs (as 
previously optimised) are shown in Figures 2.8 -  2.10. Figure 2.8 details the MIP and 
NIP effect observed when a 5% (v/v) TEMED solution was used as the polymerisation 
catalyst. An incredibly clear and distinctive MIP effect is observed at all TEMED 
volumes used (more so than at 1% (v/v) TEMED) and particularly at 20pl. A distinctive 
NIP effect is also seen at all volumes of TEMED.
□  Load □  Wash □  Elution
Figure 2.8 A comparison of the observed imprinting and non-imprinting effects 
of BHb specific HydroMIPs and HydroNIP controls prepared using differing 
volumes of 5% TEMED.
The comparison between MIP and NIP effects observed when a 10% (v/v) TEMED 
solutions are shown in Figure 2.9. Once again, as observed at 1% and 5% (v/v) TEMED 
solutions, a distinctive MIP effect is observed at all volumes of 10% TEMED used, 
particularly at 20pl, 40pl and 80pl. A consistent and reproducible NIP effect is also 
observed in HydroNIP controls at all concentrations.
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□  Load EWash □  Elution
Figure 2.9 A comparison of the observed imprinting and non-imprinting effects 
of BHb specific HydroMIPs and HydroNIP controls prepared using differing 
volumes of 10% TEMED.
The observed MIP and NIP effects, when differing volumes of 15% (v/v) solutions of 
TEMED are used, are shown in Figure 2.10. Although to a lesser extent than seen with 
the 5% and 10% TEMED solutions, a MIP effect is apparent at all volumes of TEMED 
used. An interesting trend is observed with the NIP controls. A clear non-imprinting 
effect, as predicted, is observed when lOpl of TEMED was used. This NIP effect 
decreases as the volume of TEMED increases from lOpl to 20pl to 40pl. At 80pl of 15% 
(v/v) TEMED, what appears to be a clear imprinting effect was observed for the NIP.
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□  Load □Wash □Elution
Figure 2.10 A comparison of the observed imprinting and non-imprinting effects 
of BHb specific HydroMIPs and HydroNIP controls prepared using differing 
volumes of 15% TEMED.
Theoretically this should not happen upon a non-imprinted control gel, however, these 
findings are consistent with those effeets observed in the APS experiments where 
particularly high APS concentrations resulted in the occurrence of non-specific binding 
upon the control gels. This is almost certainly due to the formation of many polymer 
chains that are short in length, that in turn promote non-specific binding due to localised 
chemistry that they offer as a result of their compact and congested nature. The excess 
TEMED used, which was also of a high concentration, had a similar effect as the high 
APS concentration, inducing a non-specific binding effect.
From the experimental findings, it could be proposed that a significant imprinting effect 
can be obtained in the range of 20pl to 80pl of TEMED at either 5% or 10% 
concentration. The imprinting effects are comparable in all eases, and all relative non­
imprinted controls display load-wash-elution profiles that are indicative of a NIP effect. 
Therefore it is difficult to propose a set of optimum polymerisation conditions. However, 
close examination of the load-wash-elution profiles for all MIPs of 5% and 10% TEMED 
show that 20pl of the 5% TEMED solution produced the optimal imprinting effect (albeit
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negligible in comparison to the others) with almost no protein detected in the load and 
wash phases, and all remaining protein being subsequently eluted. Therefore, TEMED 
concentration was used at 20pl of a 5% (v/v) (per 1ml aerylamide gel solution) for all 
subsequent experiments.
The ability to optimise and control the polymerisation of the HydroMIP smart material is 
sueh an attraetive and important trait for an imprinting protocol. We have shown that at 
almost all concentrations of initiator and eatalyst, an imprinting effect can be achieved (in 
relation to the HydroNIP control), which itself is a highly desirable feat and aets to 
highlight the extreme versatility of the technique.
2.3.1.4 Co-monomer HydroMIP complexes
One of the key principles upon which MI relies, is the formation of a multitude of non- 
covalent bonds between the functional monomer and the template moleeule. It is this 
interaetion that provides the loealised structural chemistry that allows the speeiflc 
rebinding of the template molecule within the molecularly imprinted cavities.
The role that the funetional monomer plays in molecular imprinting has been extensively 
optimised and reported in many different studies, with many functional monomers 
successfully employed for a variety of target moleeules*^. As with all other components 
of a MI protocol, optimisation of the funetional monomer is important in order to 
maximise the efficiency of the system.
One approaeh to developing optimal imprinting protocols (in terms of the functional 
monomers used) involves the use of eomplex molecular modelling software that predicts 
the mechanisms of interaction between a template molecule and a vast library of virtual 
functional monomers^ '^^ .^ This is a useful teehnique and there is often mueh agreement 
between the predieted outcomes and the actual experimental findings. However, it can 
often be difficult to accurately simulate the manner in whieh a polymer network will 
form, as polymers are highly disordered and although imprinted cavities consistently form 
with exeellent reprodueibility, the binding events oecur in differing manners and extents
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from one experiment to the next. Therefore, extensive combinatorial optimisation of 
variables that influence imprinting outcomes is often necessary.
Methacrylic acid (MAA) has been extensively used to date as a functional monomer in 
imprinting protocols due to its ability to form ion-ion, ion-dipole and dipole-dipole 
interactions with the template molecule^^'^\ The ineorporation of MAA into an aqueous 
based MIP has been sueeessfully reported by Ou et a f . Vinylpyridine is another 
functional monomer that has been extensively used in traditional approaches to 
Pyridine is the heteroaromatie analogue of benzene that is basic in nature, and contains a 
nitrogen lone pair that is orthogonal to the aromatie pi-system, and has far reaehing 
effeets upon reaetivity "^ .^ It is this reactivity, specifically the strong aeid-base and H-bond 
aceeptance interaetions that (potentially) make vinylpyridine’s exeellent functional 
monomers in imprinting protocols. Previously, 2-vinylpyridine has been incorporated as 
a co-monomer with MAA for the imprinting of amino-aeid derivatives^^ with the co­
monomer complex performing better than either of the individual monomers on their 
own. To date, 4-VP has not been utilised in combination with the funetional monomer 
aerylamide within an aqueous based imprinting system. Although MAA is aeidie in 
nature and aerylamide neutral, the strong template interaetion eapabilities of the 
vinylpyridine functional monomer should enhanee the positive attributes of a HydroMIP 
prepared in this manner.
The experimental findings obtained upon using a eombination of funetional monomers (4- 
YP and aerylamide) in eonjunetion with our previously optimised HydroMIP system is 
deseribed, and the observed effects upon both template removal values and imprinting 
efficieney diseussed.
When preparing the 4-VP co-monomer polymers, it was observed that at the previously 
optimised polymerisation eonditions (lOpl 10% (w/v) APS and 20pl of 5% (v/v) 
TEMED), polymerisation did not occur. As a result, the APS coneentration was raised 
until polymerisation occurred, which was at 40% (w/v). Both ionic and non-ionic 
contaminants, such as 4-VP, are known to inhibit the FRP of aerylamide^" .^ It is likely 
that at the optimised conditions, the 4-VP moleeules acted in an inliibitory manner upon 
the APS moleeule. This in turn affeeted the polymerisation reaction, and only when the
concentration of APS was raised to 40% (w/v) was the negative effect of 4-VP minimised 
by the excess of APS, resulting in polymerisation of the solution.
Figure 2.11 details the effect of differing 4-VP concentrations upon the degree of BHb 
template removal from BHb-HydroMIPs. It can be seen that as the concentration of 4-VP 
increases, the degree of template removal from the imprinted polymer decreases.
Native
gel
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Figure 2.11 Effect of differing 4-VP concentrations upon the removal of BHb from 
a BHb specific HydroMIP.
It is important to remember that in order for polymerisation to occur, it was necessary for 
the concentration of APS to be raised to 40% (w/v). When optimising the APS 
concentration for the imprinting protocol (section 2.3.1.3), it was noted that at 40% (w/v) 
APS, little template removal was observed (Figure 2.5). Therefore it is interesting to note 
that the inclusion of 4-VP as a co-monomer in the imprinting protocol can actually aid in 
the removal of the template molecule from the polymer matrix. A direct comparison of 
the template removal values observed for a BHb HydroMIP at 40% APS, compared with 
the same HydroMIP at 40% APS containing 10% 4-VP co-monomer, is shown in Figure 
2 . 12.
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Figure 2.12 Template removal values for an optimised BHb specific HydroMIP 
(40% (w/v) APS) compared to a BHb specific HydroMIP (40% (w/v) APS) 
containing 10% 4-VP co-monomer.
The 10% 4-VP BHb-HydroMIP (and HydroNIP) were subjected to template reloading, to 
ascertain if an imprinting effect was observed. Figure 2.13 shows a direct comparison 
between MIP and NIP, following the load, wash and elution of the template molecule 
from both the HydroMIP and non-imprinted HydroNIP control. It is clear that a 
significant imprinting effect is achieved when 10% 4-VP is included as a co-monomer in 
the imprinting protocol. Little template is eluted in both the load and wash phases, with 
all protein detected upon elution (with a 10% AcOH/10% SDS solution). Conversely, no 
imprinting effect is observed upon the HydroNIP control, with all protein being detected 
in the load and wash phases, and none upon elution. This was slightly surprising, as the 
very strong tu-tt interactions that can occur between template and monomer in aqueous 
solutions can lead to high levels of non-specific binding^
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Figure 2.13 Comparison of MIP and NIP effect obtained from a BHb specific 
HydroMIP and HydroNIP control, prepared containing 10% 4-VP co-monomer.
The inclusion of 4-VP as a functional co-monomer in the imprinting protocol has led to 
some interesting findings. It appears that the inclusion of 4-VP increased the degree of 
template removal from the polyacrylamide gel matrix. In this instance, it is appropriate to 
consider the 40% APS HydroMIP as the control polymer, in which the effects of the 4-VP 
at 40% APS can be compared. By doing this, it is clear to see that the 4-VP had a 
positive effect upon template removal values. It is likely that the 4-VP acted in one, or a 
combination of manners upon the gel structure. 4-VP may have acted as an inhibitor to 
polymerisation by interacting strongly with the aerylamide functional monomer. If this 
were to occur, the imprinted cavities within the hydrogel may not have formed to the 
same strength and extent as they would in the absence of 4-VP. This may have resulted 
in less disruptive force being required to remove the template molecule from the 
imprinted cavities, resulting in an increase in template removal. When included in the 
pre-polymerisation solution, 4-VP theoretically acts as a co-monomer, binding directly 
with the template molecule via the strong interaction between the 4-VP and the carboxyl 
groups of the protein structure. If the energy required to break the template-4-VP bonds
91
is less than that required to break the template-acrylamide bonds, then template removal 
will occur to more of an extent in the co-monomer gel than the control gel.
The ability to include a co-monomer in an imprinting protocol to enhance both the 
template removal values and imprinting effect of a HydroMIP is highly attractive. As 
previously mentioned, the aim is to optimise the imprinting protocol for the generic 
application to a wide variety of biological molecules. However, it is likely in some cases, 
that the optimised protocol would not be appropriate for all applications and molecules. 
Therefore, the knowledge that a co-monomer complex can be utilised to further enhance 
both the template removal values and the imprinting effect is very valuable indeed.
In reality, the template removal values obtained are not comparable to those obtained at 
lower APS concentrations in the absense of 4-VP, however, the worth of being able to 
imprint biological molecules in the presence of co-monomers may prove to particularly 
advantageous in future experimental design.
2.3.2 Elution Solvents
The optimisation of the elution solvent was performed by assessing the effectiveness of 
AcOH/SDS, NaCl and urea solutions to elute the template molecule from the HydroMIP. 
Additionally, the use of a protein digest technique as a means of template removal was 
performed, and mechanisms describing the role of each are proposed.
Dénaturation of proteins involve the disruption and possible destruction of both the 
secondary and tertiary protein structures consisting of changes in ion-dipole, hydrogen 
bonds and van der Waals forces, and in the rotational positions about single bonds which 
are controlled by the secondary bond structure^^. The primary structure, or amino acid 
sequence, commonly remains unaffected by a dénaturation process, as dénaturation 
reactions are not strong enough to break peptide bonds.
The term dénaturation denotes the response of the native protein to heat, acid, alkali, and 
a variety of other chemical and physical agents that cause marked changes in the protein 
structure. Protein dénaturation has been defined in several ways, for example as a change
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in solubility^^ or by simultaneous changes in chemical, physical and biological 
properties'^ under some standard reference set of conditions'^. These changes in physical, 
and to a lesser extent chemical properties are manifestations of configurational changes 
taking place in the polypeptide chains. The dénaturation process involves an unfolding or 
at least an alteration in the nature of the folded structure^ "^^ .^ Timasheff and Gibbs^  ^state 
that the approaches used to define the concept of dénaturation can be classified into two 
types:
• Molecular, in terms of actual structural changes taking place on the molecule.
• Operational, in terms of changes in measurable properties.
A variety of reagents and conditions can cause dénaturation, as disruption in any of the 
bonding interactions that maintain the tertiary structure of a protein will result in a 
structural change. These reagents and conditions include increasing temperature, 
changing pH, using dénaturants (i.e. urea, guanidine hydrochloride, beta- 
mercaptoethanol, dithiothreitol), inorganic salts (i.e lithium bromide, potassium 
thiocyanate, sodium iodide), organic solvents and (i.e. formamide, dimethylformamide, 
dichloro- and trichloroacetic acids and their salts), detergents (sodium dodecyl sulphate), 
high pressure and ultrasonic homogenisation.
Heat is an obvious choice to employ as a dénaturation agent. Heat disrupts hydrogen 
bonds and non-polar hydrophobic interactions by increasing the kinetic energy of a 
molecule that results in violent molecular vibrations and bond disruption^^'^\ Although 
hydrogels have reversible swelling characteristics, the effects of such events upon 
imprinting efficiency are relatively unknown. Therefore, as heating a hydrogel would 
have a profound effect upon its swollen state, heat does not identify itself as a suitable 
candidate for use in this application.
Traditionally, MI has employed organic solvents as the porogenic solvent of choice. 
Since the stability and formation of hydrogen bonds are enhanced in a low-permittivity 
environment, certain organic solvents may actually strengthen or promote hydrogen bond 
formation. It is this basis upon which organic solvents are chosen as suitable imprinting 
solvents. In contrast, the non-polar side chains of globular proteins are more soluble in
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organic solvents than in water. It is therefore appropriate to assume that many organic 
solvents may be valuable tools in protein dénaturation.
However, by definition of their very nature and properties, most organic solvents would 
seriously compromise the structure of the aqueous hydrogels which themselves rely 
almost entirely upon non-covalent molecular interactions to maintain their structure. 
Protein dénaturation must therefore be reliant upon the use of detergents and chaotropic 
agents.
2.3.2.1 AcOH/SDS
Hjerten et al reported of the use of an AcOH solution containing SDS as the means of 
denaturing the template protein in their studies '^ .^ SDS is a biological detergent 
commonly used in research laboratories to disrupt the bipolar lipid membrane of cells. 
Detergents are surface-active agents (surfactants) that contain a hydrophobic tail group 
that is soluble in oil like solutions, and a hydrophilic head group, which is soluble in 
water. This characteristic results in the formation of stable micelles with hydrophobic 
cores in an aqueous solution.
Considering the known properties of SDS in aqueous solutions, and its widespread use as 
a protein dénaturant in molecular biology, the potential worth of utilising AcOH/SDS to 
denature and remove the template molecule in a molecularly imprinted HydroMIP is 
clear. However to date, the composition of AcOH/SDS solutions and the role it plays in 
template removal has not been investigated. Therefore, AcOH/SDS solutions of 5%/5% 
(w/v), 10%/10% (w/v) and 15%/15% (w/v) were investigated to ascertain the role they 
may play (and mechanisms involved) in protein dénaturation and removal from a 
polyacrylamide HydroMIP.
Figure 2.14 shows that at all three AcOH/SDS ratios, a clear imprinting effect is 
demonstrated in comparison to the non-imprinted controls. The contrasting load, wash 
and elution profiles show that BHb was retained by the HydroMIP to a much greater 
degree than that of the HydroNIP, with retained protein clearly detected in the elution 
phase of the HydroMIP and not the HydroNIP
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Figure 2.14 The effect of AcOH/SDS composition upon the molecular imprinting 
of BHb -  MIP vs. NIP. Data sets are means of repeated experiments, with the errors 
bars showing the actual results obtained.
The combined action of SDS and AcOH had a clear and significant effect upon template 
removal. Table 2,4 shows that as the percentage AcOH/SDS was increased from 5%/5% 
to 10%/10% and 15%/15%, template removal percentages increased from 38.1% to 
47.6% and 71.5% respectively.
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"MIP" Effect - % Distribution of 
Reloaded Protein
Parameter % Template Removal Load Wash Elute
AcOH/SDS
MIP
5%/5% 38.1 13.6 6.7 79.7
10%/10% 47.6 4.8 5.2 90.0
15%/15% 71.5 12.8 19.3 67.9
NIP
5%/5% - 64.9 30.6 4.5
10%/10% - 55.4 40.7 3.9
15%/15% - 66.6 29.4 4.0
Table 2.4 Effect of AcOH/SDS ratio upon the degree of template removal, and 
subsequent observed imprinting effect, of BHb-HydroMIPs. The "MIP" effect is 
characterised in terms of the observed percentage distribution of BHb, following the 
reloading, washing and elution of the protein from the HydroMIP. All values are 
means of duplicate results. Percentage template removal = (Mass of template 
removed/Original mass of template) X 100.
With the pH of the 10%/10% AcOH/SDS (pH 2.8) being much lower than the pi of BHb 
(pl=7.1), SDS interaction is occurring with a positively charged protein^^. SDS is known 
to form micelles at concentrations above 8mM. The positively charged protein attaches 
to the negative surface of the micelle structure in which the polypeptide is wound around 
SDS micelles^^. It is therefore potentially possible for the template protein to be 
effectively removed from the MIP in this manner. However, with the diameter of 
haemoglobin being 5.5nm, it is likely that the micelles cannot physically penetrate into 
the imprinted cavity, which holds the template molecule. While not penetrating the 
cavity, the micelle is in very close contact to the positively charged protein in the cavity, 
resulting in favourable electrostatic interactions. The latter will cause the protein to 
unravel. In addition to lowering the overall pH of the solution, the acetic acid serves to 
disrupt intramolecular hydrogen bonds within the protein molecule and so further helps to 
denature the protein.
Although a clear increase in percentage template removal can be seen with an increase in 
the concentration of AcOH/SDS, at 15%/15% AcOH/SDS the resulting imprinting effect
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within the polymer appears to be compromised. This is indicated by the percentage of 
protein eluted following loading and washing of the template. Eluted protein is indicative 
of the removal of template that has been selectively bound within molecularly imprinted 
cavities. By increasing the AcOH/SDS ratio from 5%/5% to 10%/10%, total template 
removal increased from 38.1% to 47.6%, and eluted protein increased from 79.7% to 
90.0%. However, despite total template removal increasing to 71.5% when employing a 
AcOH/SDS ratio of 15%/15%, eluted protein levels dropped to 67.9%. Therefore, the use 
of AcOH/SDS for further HydroMIP studies was optimised at 10%/10% AcOH/SDS.
It is apparent that there may be a certain degree of covalent bonding of the BHb to the 
HydroMIP during the polymerisation, as a small amount of colour (relating to 
haemoglobin) can be visually detected in the HydroMIP, even after extensive washing 
with AcOH/SDS, when compared to the HydroNIP. As monomer radicals are formed 
during the polymerisation process, covalent coupling of protein may occur during free- 
radical polymerisation and this cannot be overlooked^. In the present study, long-term 
template leaching is not necessarily an issue when the BHb is covalently bound, as it 
clearly cannot be eluted under AcOH/SDS conditions.
2 3 .2 ,2  Urea and Sodium Chloride
Small organic molecules in aqueous solutions can have a profound effect upon protein 
stability, structure and function. Chemical dénaturation with an agent such as urea is one 
of the primary ways to assess protein stability, the effects of mutations on stability and 
protein unfolding in a clinical laboratory "^ .^
Urea is an organic compound of carbon, nitrogen, oxygen and hydrogen and is the 
principle end product of nitrogen metabolism in most mammals. Urea production occurs 
in the liver under the regulatory control of N-acetylglutamate which drives the excretion 
of toxic waste product. Urea was the first organic compound to be synthesised from 
inorganic materials (lead or silver cyanate and ammonia) and industrially can be found in 
fertilisers, plastics and hair care products.
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Despite its widespread use, the molecular basis for urea’s ability to denature proteins 
remains unknown and many studies have sought to explain the action of dénaturants such
as urea. These studies suggest three possible mechanisms of action:-
• Direct interactions of urea with the protein^ ^
• Indirect interactions of urea with the protein by perturbation of the
solvent environment^^
• A combination of the two^^
Bearing in mind the extensive research to date detailing the dénaturation effects of urea 
on proteins, and the proposed mechanisms that may bring about those effects, it is 
appropriate to assume that urea would prove to be a useful tool to denature the template 
molecule in a polyacrylamide HydroMIP. It has been reported that high concentrations 
(6-8M) are sufficient to denature proteins^^. Therefore IM, 3M, 5M and lOM solutions 
were evaluated in terms of their ability to remove the template molecule and the 
subsequent imprinting effect that was observed.
Figure 2.15 shows the effect of differing urea compositions upon the non-specific binding 
of template protein to a HydroNIP control. Little non-specific binding was observed, 
with elution of template always equalling 100%. Figure 2.15 also shows the effect of 
differing urea compositions upon the specific binding of template protein to a HydroMIP. 
The load-wash-elution profile of re-loading BHb upon a HydroMIP is near identical to 
that of the HydroNIP, with almost no protein binding within the gel, and as a direct result, 
no protein being eluted. Almost all protein is detected in the load and wash phases, which 
is again indicative of a poor, almost non-existent MIP effect. As imprinting parameters 
had previously been optimised, and a clear and significant imprinting effect proven, the 
distinct lack of an imprinting effect must be due to a urea being employed as the template 
dénaturant.
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□  Load
□  Wash
□  Elution
Figure 2.15 The effect of differing elution solvent and composition upon “MIP” 
Effect -  MIP vs. NIP. Data sets are means of repeated experiments, with the errors 
bars showing the actual results obtained.
Table 2.5 shows the percentage removal values of template from the HydroMIPs, and the 
distribution profiles of reloaded template upon both the HydroMIP and HydroNIP 
controls. The template removal percentages are consistently low (-35%) and display no 
obvious trend. It seems probable that the urea did not actually remove any template 
molecule. This is surprising as it has been reported that at concentrations above 6M, urea 
is an effective protein denaturant^^. Dénaturation may have actually occurred, however, 
removal of the denatured template from the polyacrylamide matrix clearly did not. Both 
Table 2.5 and Figure 2.15 show that almost no imprinting effect was observed when urea 
was employed as the template removal solvent. As the template was not removed from 
the polymer, re-binding of loaded protein within imprinted cavities could not occur, 
which is indicated by both the low elution values, and high load/wash values.
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"MIP" Effect - % Distribution of 
Reloaded Protein
Parameter % Template Removal Load Wash Elute
Urea
MIP
IM 33.6 58.1 40.5 1.4
3M 34.5 58.7 40.0 1.3
5M 37.7 60.6 34.4 5.0
lOM 34.6 63.7 36.3 0.0
NIP
IM - 53.4 44.5 2.1
3M - 53.2 41.7 5.1
5M - 54.3 40.0 5.7
lOM - 54.5 39.8 5.7
NaCl
MIP
O.IM 55.0 56.0 41.8 2.2
0.5M 58.8 54.3 41.5 4.2
NIP
O.IM - 68.1 30.5 1.4
0.5M - 62.4 36.2 1.4
Table 2.5 Effect of urea and NaCl composition the degree of template removal, 
and subsequent observed imprinting effect, of BHb-HydroMIPs. The "MIP" effect 
is characterised in terms of the observed percentage distribution of BHb, following 
the reloading, washing and elution of the protein from the HydroMIP. All values 
are means of duplicate results. Percentage template removal = (Mass of template 
removed/Original mass of template) X 100.
At this point, it is very difficult to propose a mechanism that describes why urea proved 
so unsuccessful as a template eluant. It is known that urea disrupts hydrogen bonds and 
hydrophobic interactions both between and within proteins, and when used at high 
concentrations, disrupt secondary protein structure and brings into solution proteins that 
are not otherwise soluble. When considering this, it is appropriate to assume that urea 
would have been an excellent protein dénaturant. Many proteins adopt a highly unfolded 
conformation in urea solution due to its inherent ability to solubilise proteins. It is 
probable that when urea denatures haemoglobin, it does so by separating the molecule 
into its constituent polypeptide chains. Regardless of their dénaturation capabilities, it is 
commonly known for proteins to aggregate upon dénaturation in urea as a result of the
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formation of disulphide bridges between sulphydryl groups of the protein that are made 
accessible by the unfolding of the polypeptide chains^ .^ It is this aggregation of the 
protein within the hydrogel network that could result in occlusion of the imprinted sites 
within the polymer. The imprinted sites would be blocked by protein aggregates in and 
around the cavities, resulting in the protein being unable to rebind.
Sodium chloride was also investigated as a protein dénaturant in parallel to urea. Salts 
affect protein stability in two different ways. At low concentrations, ions interact with 
proteins via non-specific electrostatic interactions. This electrostatic neutralisation of 
protein charges usually stabilises protein structure. However, at higher concentrations (> 
IM), salts have ion specific effects that influence the structural stability of proteins. The 
relative ability of various anions to influence structural stability is known as the 
Hofmeister series with fluoride, chloride and sulphate salts acting as stabilisers, whereas 
salts of other anions are structure destabilisers"^ .^
Considering these factors, and the concentrations that were employed (O.IM & 0.5M), 
NaCl seems a strange choice as an elution solvent as it is unlikely that a protein 
dénaturation effect would be observed as a result of its use. However, Ou et a f  report of 
the worth of employing NaCl as an elution solvent in a polyacrylamide based molecular 
imprinting strategy, and further investigation and optimisation of the use of NaCl as an 
elution solvent was warranted. Table 2.5 shows that at concentrations of O.IM and 0.5M, 
template removal percentages of 55.0 and 58.8% respectively were obtained. It is 
probable that NaCl had a neutralising effect upon the protein molecule, stabilising its 
structure in the process'^\ Therefore, the template removal values that were achieved are 
unexpected as it is unlikely that the template protein was denatured by the low 
concentration salt solutions employed. Despite the surprisingly good degree of template 
removal, the percentage distribution of reloaded protein shown for NaCl in Table 2.5 
clearly indicates that no imprinting effect was observed. This is graphically depicted by 
the load-wash-elution trends in Figure 2.15.
As it is unlikely that the NaCl salt solution denatured the protein molecule, the template 
removal values must have occurred as a result of the polyacrylamide structure altering in 
a manner that acted to expel the template molecule from the hydrogel matrix. This 
explanation is supported by the spectrophotometric analysis of the BHb template in
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differing elution solvents. Prior to the analysis of the protein content of each load-wash- 
elution phase, spectral scans were performed to obtain the optimal wavelength for 
analysis in each elution solvent (which related to the absorbance maximum of the 
molecule in solution). In RO water (washes) the optimal absorbance wavelength was 
404nm, and in each of the AcOH/SDS (elution) solutions it was 393nm. These variations 
in wavelength relate to the proteins being in a native and denatured state respectively. 
The optimal wavelength of BHb in both NaCl solutions investigated was 404nm -  
implying that NaCl does not denature the protein to the extent that the protein structure is 
altered.
Hydrogels, by definition, contain small fractions of polymers and large fractions of water. 
As the hydrogel material swells, the polymer chains separate to an extent determined by 
the properties of the solvent in which the hydrogel has been placed. Under certain 
conditions, the polymer chains will extend to the greatest possible extent with little 
interaction occurring between the polymer chains. As a fluid enters the hydrogel, the 
polymer chains undergo hydration as a result of both hydrophobic and electrostatic 
interactions. The swelling and shrinking of non-ionic gels in aqueous solutions is well 
understood and has been extensively reported, with particular attention paid to hydrogel 
systems based on polyacrylamide
Thiel and Maurer"^  ^have reported the swelling effects exhibited by polyacrylamide gels in 
NaCl solutions. Sodium chloride has negligible influences upon the swelling of 
polyacrylamide gels at concentrations below O.IM, however, at higher concentrations the 
presence of sodium chloride causes the gel to absorb considerably more water. Therefore, 
it is likely that when the HydroMIP was exposed to the NaCl solutions, rapid swelling 
occurred to an extent that altered the polymer morphology. As a result the non-covalent 
interactions responsible for binding the template protein within the polymer matrix were 
compromised and broken, resulting in the removal of the protein from the polymer. In 
addition, when the template molecule was reloaded upon the excessively swollen 
hydrogel, the synergies in shape, charge and size between template and cavity that 
governed the host-guest recognition no longer existed, resulting in a poor imprinting 
effect. Ou et a f  report of the successful rebinding of template protein (lysozyme) within 
the hydrogel matrix following template removal using NaCl. The methodology they 
employed incorporated the freeze-drying of the material following template removal, and
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the subsequent re-hydration of the hydrogel material prior to the re-binding of the 
template protein. It has been widely reported that hydrogels maintain their shape 
following drying"^ .^ Therefore, the re-hydration of the imprinted hydrogels is likely to 
have resulted in the polymer reforming its molecular memory. This approach differed to 
ours, where dehydration of the HydroMIP material was not performed, and re-binding 
occurred upon the highly swollen polymeric material. As a result, molecular recognition 
between the template molecule and imprinted cavities did not occur, as the physical 
orientation of the imprinted sites differed to their original form, with a substantial 
decrease in selective recognition occurring as a result.
2 3 2 3  Trypsin Digest
Trypsin is one of three principle proteolytic enzymes produced by the pancreas and 
secreted in the small intestine to breakdown dietary protein molecules into their 
component peptides and amino acids. Trypsin acts directly upon the BHb molecule, 
when imprinted within the polyacrylamide matrix by "cutting" directly downstream of the 
two basic amino acids - lysine and arginine, which are found in abundance in the BHb 
molecule"^ .^
The trypsin digest had a clear and profound effect upon template removal. Table 2.6 
shows that by increasing the substrate:enzyme S:E ratio from 1:10 to 1:30 and 1:50, 
increased total template removal efficiency from 57.6% to 74.8 % and 87.4% 
respectively. It can also be seen that non-specific binding of BHb did not occur upon the 
HydroNIP controls as no protein was detected in the elution phase, with 100% detected in 
the load and wash phases.
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"MIP" Effect - % Distribution of 
Reloaded Protein
Parameter % Template Removal Load Wash Elute
Trypsin Digest
MIP
1:10 57.6 69.6 19.1 11.3
1:30 74.8 67.5 19.6 12.9
1:50 87.4 61.4 18.2 20.4
NIP
1:10 - 71.2 28.8 0.0
1:30 - 67.3 32.7 0.0
1:50 - 63.3 36.7 0.0
Table 2.6 Effect of S:E ratio upon the degree of template removal, and 
subsequent observed imprinting effect, of BHb-HydroMIPs. The "MIP" effect is 
characterised in terms of the observed percentage distribution of BHb, following the 
reloading, washing and elution of the protein from the HydroMIP. All values are 
means of duplicate results. Percentage template removal = (Mass of template 
removed/Original mass template molecule) X 100.
Although the observed imprinting effect increased with an increase in S:E (demonstrated 
by an increase in eluted protein -  Table 2.6) the effeet is poor compared to that observed 
with AcOH/SDS elution. This is surprising, especially when considering the degree of 
template removal observed. It is possible that residual protein fragments remained within 
the imprinted cavity, following cleavage by the enzyme, which effectively blocked the 
imprinted sites, significantly reducing the imprinting effect. This is graphically depicted 
in Figure 2.16, where a direet MIP vs. NIP comparison is made. The fact that the load- 
wash-elution profiles of the HydroMIP mirror that of the HydroNIP indicates a poor 
imprinting effect, and supports the suggestion of protein fragments blocking the imprinted 
sites.
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□  Load
□  W ash
□  Elution
1:10
NIP
1:10
MIP
1:30
NIP
1:30
MIP
1:50
NIP
1:50
MIP
Figure 2.16 The effect of differing S;E ratio’s upon the imprinting of BHb -  MIP 
vs. NIP. Data sets are means of repeated experiments, with the errors bars showing 
the actual results obtained.
23 ,2.4 Effects of Re-binding pH
All of the experimental optimisation stages performed involve the investigation of 
varying parameters concerning the manipulation of either the polymer gel, or the manner 
in which the template molecule is removed from the polymer gel. Another parameter that 
must be considered is the manner in which the protein molecule is reloaded into the 
imprinted cavities within the HydroMIPs, with specific attention paid to the pH in which 
it is reloaded, and the effect this has upon the imprinting effect.
The effect of the re-loading pH upon the imprinting effect was investigated by buffering 
the re-loaded BHb solutions to pH 4, 7 and 9 respectively. BHb was also reloaded in RO 
water, as it had been in all other optimisation stages.
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Figure 2.17 shows the effect of pH upon the selective molecular uptake of BHb to BHb- 
HydroMIPs. It can be seen that when the protein template was reloaded at pH 4 and in 
RO water, a significant and distinctive MIP effect was observed. Conversely, when the 
template was reloaded at pH 7 and pH 9, a poor imprinting effect was observed.
BHb R ecovery (m g)
W a sh
Elution
Figure 2.17 Effect of pH on the reloading of BHb upon BHb specific HydroMIPs -  
“MIP” effect.
The polyacrylamide solution that the template molecule is originally introduced to prior 
to polymerisation is at a pH of approximately pH 4.5. Small changes in pH can add or 
remove H  ^ ions from side chain groups on the surface of a protein, without causing any 
permanent damage to the conformation. As the pi of haemoglobin is 7.1, when the BHb 
was introduced to the polyacrylamide solution, it was mildly denatured and any 
molecularly imprinted cavities that formed, would have been for a denatured BHb 
molecule. When considering this, it is understandable why such a pronounced imprinting 
effect was observed at pH 4, and not at pH’s 7 and pH 9, even though at pH 7, the protein 
is in its most natural form. A significant imprinting effect was also observed when the 
BHb was reloaded in RO water. The pH of the laboratory supply of RO water is pH 4.5-
5. Considering that the polyacrylamide solution was made up in RO water was pH 4.5, 
and that the pH of the polyacrylamide solution itself was also pH 4.5, it is again clear to
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see why such a significant imprinting effect was observed. At all pH’s, non-specific 
binding of BHb upon the HydroNIP controls did not occur, with recognisable load-wash- 
elution profiles observed at all pH’s (not shown).
This optimisation step identifies just how sensitive the aqueous phase molecular 
imprinting protocol is. Subtle changes in the structural conformation of the template 
protein and the resulting imprinted cavities can potentially result in highly selective and 
discriminative molecular recognition materials.
The knowledge gained from this particular aspect of the optimisation may prove to be 
vital in the future application of the technique. Although the polyacrylamide gels were 
not buffered prior to polymerisation, there is no reason why this cannot be performed. 
This in turn will theoretically allow the formation of molecular imprints for biological 
molecules in a whole host of differing physical states.
2.4 Conclusions
The extensive experimental optimisation investigating the production of protein- 
HydroMIPs has been performed, and as a result, a methodology can be proposed that 
theoretically offers the optimal parameters to produce a BHb-HydroMIP. The optimised 
model was:
• Granulation size - 75 pm.
• Cross-linking density - 10% (w/w) (total monomer composition).
• Polymerisation parameters - lOpl of a 10% (w/v) APS solution and 20pl of a
5% (v/v) TEMED solution per 1ml of monomer 
solution.
• Elution solvent - 10% (v/v) AcOH/10% (w/v) SDS.
• Reloading solvent/pH - RO water or buffered to pH of
pre-polymerisation monomer solution.
The optimisation stages have proved invaluable in furthering the understanding of 
molecular imprinting within a polyacrylamide-based HydroMIP, and much knowledge 
has been gained from both the positive and negative findings.
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Comments regarding the importance and relevance of individual findings have been made 
wherever applicable in the text, but perhaps the most important factor to draw attention to 
is that at almost every experimental parameter and variable investigated, an imprinting 
effect was displayed by the HydroMIP in relation to the HydroNIP control. This was 
clearly more pronounced in some cases, but the fact that a discernable difference exists 
between the hydrogel forms, is highly encouraging. This highlights the extreme 
flexibility of the imprinting material and methodologies associated with producing 
molecular imprints in this manner. Furthermore, it suggests that even if the optimised 
model is not truly generic in nature, the technique offers the flexibility to make subtle 
variations in the imprinting methodology that could enhance both the template removal 
and imprinting efficiency on an individual basis.
2.4.1 Future Work
The optimisation stages performed have highlighted several key areas that warrant further 
investigation. The different degrees of granulation that were investigated did not result in 
a clear trend in either the degree of template removal or resulting imprinting effect being 
observed. Enhancing the accessibility of the elution solvent to the imprinted sites is very 
important and is integral to increasing template removal, imprinting efficiency and 
decreasing the possibility of template leaking or bleeding. By increasing the degree in 
which the HydroMIPs were granulated would potentially increase the degree of template 
removal, and systematic approaches to increasing site accessibility could be performed 
using automated methods of mechanical grinding/sieving. However, it is possible that a 
different approach to polymer formation would be preferable.
The use of polymeric beads in conjunction with hydrogel-based imprinting strategies have 
been suggested'^’^ ’'^ '^^ .^ By using a bead format, there is no need for the extensive 
granulation of the material, as a surface imprinting effect is achieved as a result. Not only 
does this increase the surface coverage of imprinted sites within the material, but also 
ensures that little template molecule is entrapped deep within the polymer matrix as a 
result of a lack of exposure to the elution solvent. To our knowledge, thorough 
investigation into the optimisation of the polyacrylamide matrix has not been performed 
in conjunction with the polymeric bead approach. Therefore, by incorporating the
108
findings of this section of work with research into the use of polymer beads, could further 
advance the role and application of polyacrylamide based ML
Polymeric beads would be one approach that could enhance the role of HydroMIPs, with 
applications as stationary phases in separation science being most applicable. However, it 
has been a continual aim of this study to eventually incorporate the HydroMIP material as 
the selective recognition element of a biosensor strategy. In order to do this, it is highly 
probable that the HydroMIP layer would need to be immobilised as a thin film upon a 
sensor surface. This has been reported b e f o r e ^ b u t  not in conjunction with imprinting 
in the aqueous phase in this manner, and investigation into this potential aspect would be 
of undoubted worth.
The use of trypsin to remove the template protein produced some very interesting 
findings. It appears as if this method of template removal was the most efficient, yet the 
resulting imprinting effect was poor. As proposed in the text, it is likely that the trypsin 
digest cleaved the template protein at the lysine-arginine residues that occur throughout 
the protein structure. In doing so, small fragments were left occupying the polymer 
cavities, blocking what could be considered as the active sites capable of accepting the 
template upon réintroduction of the molecule to the polymer. It is possible that a series of 
elution solvents could be employed to maximise the degree of template removal and 
imprinting effect. If AcOH/SDS was employed as a secondary elution solvent following 
the initial use of trypsin, it is likely that the protein fragments that remain within the 
cavity itself following the use of trypsin would be removed, resulting in an optimised 
template elution and imprinting effect.
It also appears as if there may be much worth in further investigating the use of co­
monomer complexes. We have shown that by incorporating 4-VP as a co-monomer, the 
degree of template removal from the polymer matrix can be enhanced and an imprinting 
effect can be demonstrated. Clearly this is an attractive trait to be able to control, and it is 
likely that other functional monomers may have a similar effect. It would be valuable to 
perform a systematic approach to investigating co-monomer complexes, possibly 
incorporating molecular modelling studies. By predicting the manner in which differing 
functional monomers will interact with the protein templates of interest, then the design 
of co-monomer complexes can be tailored to individual templates. This approach may be
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useful if MI is performed for biomolecules of clinical significance. Many biological 
molecules are widely available but also costly, and trial and error investigation into 
optimisation studies (as a whole) is not practical. Employing the findings of the 
optimisation stages conducted here in conjunction with modelling approaches may lead to 
the further enhancement of the technique as a whole and the avoidance of the time- 
consuming process of making and testing various monomer combinations.
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CHAPTER 3
SPECIFICITY AND SELECTIVITY OF PROTEIN 
SPECIFIC HYDROMIPS
3.1 Introduction
When performing analysis of any description, the ability to distinguish between 
biomolecules that are highly similar in terms of size, structure and chemical form is of 
great importance. Following the optimisation of the imprinting protocol for the BHb- 
HydroMIP, it was necessary to determine the extent to which the molecular memory that 
is exhibited by the imprinted cavities was specific to the template. By demonstrating the 
selective nature of a HydroMIP, the clinical worth of incorporating the material as the 
selective recognition element of an established or novel sensing strategy will become 
apparent.
It is the eventual aim of the research group to produce aqueous phase molecularly 
imprinted polymer gels for a whole host of biological molecules that can in turn be 
incorporated in biosensor strategies. In order to do this, it is imperative to have an 
extensive understanding of the full range of variables that influence imprinting protocols. 
As a result, the optimised model that we have produced can theoretically be employed as 
an initial point of reference for subsequent imprinting protocols for a variety of biological 
molecules, with confidence that under the optimised conditions, an imprinting effect 
could be observed.
Theoretically, molecularly imprinted cavities should demonstrate specificity to the 
original template molecule only. Failure to exhibit this effect is a major drawback of any 
imprinting protocol, as cross-reactivity invariably leads to misleading and inaccurate data. 
One long-term goal of the project is to incorporate the HydroMIP material as the 
molecular recognition element of a biosensor strategy for molecules of clinical 
significance. When this application is considered, a lack in selectivity and specificity to 
the template molecule is a highly undesirable trait, and it is imperative that a significant 
distinction between biological molecules can be displayed.
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Molecular imprints form as a result of non-covalent interactions with the template 
molecule, with hydrogen bonding being the most prevalent bond occurring. It is therefore 
fair to assume that despite the imprinted cavity displaying a specific shape and charge 
distribution to the template molecule, the cavity would not necessarily be selective to only 
the template, as many molecules may have similar charge distributions and shapes, which 
would in turn allow a certain degree of non-selective binding. Additionally, similarities 
in physiological roles of proteins (and the traits they therefore exhibit) as well as the 
differing isoelectric points of proteins, may in turn contribute to non-specific binding 
within the imprinted cavities.
The selectivity of the BHb-HydroMIP was determined by performing re-binding studies 
of chemically and structurally analougous proteins (to that of the original template). 
Myoglobin is a single chain protein that contains an iron porphyrin group, and is the 
primary oxygen carrying pigment of muscle tissue, playing a similar oxygen transport 
role to that of haemoglobin in the blood\ Myoglobin not only plays a similar 
physiological role as haemoglobin, but also has a similar pi to that of haemoglobin (7.02 
-  bovine haemoglobin and 6.9 -  Myoglobin). However, it has a considerably smaller 
mass of approximately 17kDa, and is smaller in terms of size, measuring 35Â in diameter 
compared to 55Â for BHb. Interrogation of the BHb specific HydroMIP with myoglobin 
will help determine the effect of size and mass upon non-specific binding of biomolecules 
within protein imprinted hydrogels.
Cytochrome C is also a haem containing protein that is loosely associated with the inner 
membrane of the mitochondrion. Cytochrome C does not bind oxygen like haemoglobin 
and myoglobin, but is involved in a diverse series of oxygen dependant physiological 
functions and is an essential component of the electron transfer chain^. Cytochrome C 
differs to haemoglobin in terms of size and mass (31Â in diameter and 12kDa), and in 
terms of pi (with a value of 9.52). Interrogation of a BHb-HydroMIP with cytochrome C 
will aid the understanding of the role and effects of pi upon cross reactivity in imprinting 
processes.
The true test of the integrity of an imprinted material, is when interrogation is performed 
using a biomolecule that is near identical to that of the template. Both bovine 
haemoglobin and human haemoglobin are heterotetramers consisting of two alpha chains
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and two beta chains and have a molecular weight of approximately 64 kDa^. 
Haemoglobin is the iron containing oxygen metalloprotein in the red blood cells of 
mammals and other animals. Its physiological role is to bind oxygen in the lung and 
transport it to the tissues by means of circulation. At the core of the molecule is a 
heterocyclic aromatic ring known as a porphyrin that holds an iron atom, which is the site 
of oxygen binding^. Interrogation of the BHb-HydroMIP with human haemoglobin will 
elucidate information regarding the selectivity of the material to biomolecules that are 
similar in terms of size, mass, pi and physiological role, all of which may contribute 
considerably to non-specific binding of the structural analogue to the HydroMIP.
The generic nature of the optimised imprinting protocol was assessed. The optimised 
model was applied to the imprinting of the plasma protein albumin, and the subsequent 
specificity of the resulting polymer interrogated by performing rebinding studies, again of 
proteins analogous to that of the template. Albumin is a blood plasma protein that is 
produced in the liver and forms a large proportion of all plasma protein' .^ Albumin 
normally constitutes about 60% of human plasma protein, with all other plasma proteins 
present in the blood being referred to as globulins. Albumin plays many physiological 
roles within the body, including the maintenance of oncotic pressure, transportation of 
hormones, fatty acids, drugs, and also buffers pH. Albumin is similar in size to BHb with 
a molecular mass of 66.4 kDa, is a serum protein and although not globular in nature, 
presents itself as a suitable template protein to assess the utility and generic nature of the 
optimised protocol. The optimised imprinting model was also applied to the imprinting 
of FITC-labelled albumin, with subsequent quantification of the observed imprinting 
effects performed by fluorimetry.
3.2 Materials and Methods
3.2.1 Materials
Albumin (Alb), FITC labelled albumin (FITC-alb), cytochrome C (Cyt C), fibrinogen 
(Fib), horse heart myoglobin (Myo) and human haemoglobin (HHb) were purchased from 
Sigma (Poole, UK). The Bio-Rad DC Protein Assay was purchased firom Bio-Rad
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Laboratories (Hemel Hempsted, LFK) and ail other materials and reagents were as 
previously detailed.
3.2.2 Methods
3.2.2.1 Solution preparation
Alb, BHb, Fib, FITC-alb and Myo stock solutions were prepared in RO water to give 
final concentrations of 0.3mg/ml and 3mg/ml, and in 10% (w/v) SDS to give a final 
concentration of 0.3mg/ml. A 0.75mg/ml solution of FITC-alb in RO was also prepared 
along with a 10% (w/v) solution of SDS in RO water. The Bio-Rad DC Assay reagents 
were prepared as per manufacturers instructions. All other solutions were prepared as 
previously described.
3.2.2.2 BHb HydroMIP selectivity
10% cross-linked BHb specific HydroMIPs and HydroNIP controls were prepared, 
polymerised, granulated and template molecule eluted as previously optimised (section 
2.3). HydroMIP selectivity was assessed by loading 2mls of 3mg/ml solutions of HHb, 
Myo and Cyt C on the BHb-HydroMIP (and HydroNIP control). The template analogues 
were allowed to associate with the gels for lOmins, before washing and elution was 
performed as previously optimised. Calibration curves were prepared (0-0.3mg/ml) for 
all proteins in both RO water and 10%AcOH/10%SDS elution solvent. Determination of 
protein concentration was performed at peak wavelength in the respective solvent using a 
UVmini-1240 CE spectrophotometer (Shimadzu Europa, Milton Keynes, UK).
3.2.2.3 FITC-Albumin HydroMIP production and analysis
FITC-albumin imprinted HydroMIPs (and HydroNIP controls) were prepared. The 
cross-linking, polymerisation, granulation and elution of the template molecule were as 
previously optimised (section 2.3), with 6mg of FITC-albumin template imprinted in each 
case. The imprinting effect was evaluated by reloading 1.5mg of FITC-albumin (2ml of 
0.75mg/ml) in RO water, which was subsequently eluted and collected for analysis (as 
previously described). Calibration curves (0-0.3mg/ml) were prepared for FITC-albumin,
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in the respective wash and elution solvents used, allowing the measurement of template
removal under the corresponding acid/surfactant conditions. The FITC-albumin
/
concentration of the calibration standards and all experimentally derived wash/elution 
fractions were determined by pipetting 200pl of each solution into white 96 well plates 
(Fisher Scientific, Loughborough, UK) with analysis performed on a PerkinElmer 1420 
Multilabel Counter utilising the automated FITC parameter (485nm/535nm).
3.2.2.4 Spectrophotometric analysis of albumin
Calibration curves were prepared (0-0.3mg/ml) for albumin in both RO and 
10%AcOH/10%SDS elution solvent and analysed at 280nm using a UVmini-1240 CE 
spectrophotometer (Shimadzu Europa, Milton Keynes, UK).
3.2.2.5 Preparation of BHb specific HydroMIPs -10%  SDS elution
BHb specific HydroMIPs and HydroNIP controls were prepared as previously optimised. 
The template molecule was eluted in a near identical fashion to the optimised model 
(section 2.3.2), instead using 10% (w/v) SDS in RO water. Washing and elution was 
performed, and all experimental fractions were collected and analysed as previously 
described.
3.2.2.6 Albumin HydroMIP production and investigation
Albumin imprinted HydroMIPs (and HydroNIP controls) were prepared. The cross- 
linking, polymerisation and granulation of the material was as previously optimised 
(section 2.3), with 12mg of template imprinted in each case. Elution was performed with 
a 10% (w/v) SDS solution. The imprinting effect was evaluated by reloading two 1ml 
volumes of a 3mg/ml albumin solution (in RO water). The specificity and selectivity of 
the material was assessed by loading FITC-albumin, BHb, Fib and Myo on the albumin- 
HydroMIPs (two 1ml volumes of 3mg/ml solutions in RO water respectively), and the 
proteins were washed and eluted from the gel as previously described and optimised. 
Analysis of all experimental samples produced following interrogation of albumin
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specific HydroMIPs with template analogues was performed using the BioRad DC 
protein assay^.
3.2.2.7 Analysis of albumin imprinting effect -  DC Protein Assay
The assay was performed according to the manufacturers recommendations for a low 
concentration microplate assay. A calibration range of 0-0.3mg/ml was assessed for each 
protein (albumin, FITC-albumin, BHb, HHb, Myo and Fib) in RO water. 20pl of each 
standard was pipetted into a clean dry microtitre plate. To this, lOpl of reagent 'A' 
(alkaline copper tartrate solution) was added, as was 80pl of reagent 'B' (dilute Folin 
reagent). The plate was agitated for 1 minute, and any air bubbles were popped with a 
clean, dry pipette tip (taking care to avoid cross contamination of samples). After an 
incubation of 15 minutes at room temperature, absorbencies were read at 680nm on a 
Labsystems iEMS Reader MF (Labsystems, Helsinki, Finland). A calibration range of 0- 
0.3mg/ml was prepared for all proteins in both RO water and 10% (w/v) SDS with 
analysis performed in a near identical manner. 20pl of each detergent containing standard 
sample was pipetted into a clean dry microtitre plate. To this, lOpl of reagent 'A*' was 
added (where 'A*' was prepared by adding 20pl of reagent 'S') to each 1ml of reagent 'A' 
used. 80pl of reagent 'B' was added, the plate was agitated and incubated as before and 
absorbance measured at 680nm. All experimentally derived samples were assayed using 
the appropriate assay variation.
3.3 Results and Discussion
3.3.1 BHb HydroMIP Cross-Reactivity
In this section of work, the quality of a HydroMIP as an artificial receptor mechanism 
was quantified in terms of the binding capacity of the material and the ability of the 
material to selectively differentiate between the template and other similar molecules. 
Figure 3.1 shows the load-wash-elution profiles obtained when Cyt C, Myo and HHb 
were loaded on BHb-HydroMIP and HydroNIP controls. For the HydroNIP control 
experiments, typical load-wash-elution profiles were observed for all proteins, with
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almost all protein being detected in the load and wash phases, and very little in the elution 
phase. The effect was slightly less pronounced with HHb as a small amount of non­
specific binding was exhibited (as indicated by the detection of protein in the elution 
phase).
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Figure 3.1 The effect of loading proteins analogous to BHb upon BHb specific 
HydroMIPs and HydroNIP controls.
When Cyt C and Myo were loaded on the BHb-HydroMIP, predicted load-wash-elution 
trends were observed (Figure 3.1). MIP effects were not seen, with the majority of 
protein detected in the load and wash phases, and little in the elution phase. This strongly 
suggests that the BHb-HydroMIP was able to discriminate against the Myo and Cyt C 
molecules, displaying selectivity towards the template protein. This was confirmed by 
the percentage distribution profiles displayed in Table 3.1. A clear MIP effect was 
demonstrated when reloading BHb upon a BHb-HydroMIP with minimal protein levels 
detected in both the load and wash phases (4.8% and 5.2% respectively) and 90% of the 
protein detected in the elution phase. When comparing these values to those obtained 
when loading Cyt C and Myo upon the BHb-HydroMIP, it is clear to see that there is little 
correlation between the trends observed for the template analogues and the template itself, 
and that the BHb-HydroMIP is specific largely to only BHb.
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"MIP" E 
E
ffect - % Distribution of 
Reloaded Protein
Parameter Load Wash Elute
BHb Selectivity Cytochrome C 56.3 26.2 17.5
Myoglobin 61.2 15.4 23.4
HHb 23.8 5.7 70.5
BHb 4.8 5.2 90.0
Table 3.1 Percentage distribution values obtained following the loading of 
cytochrome C, myoglobin, human haemoglobin and bovine haemoglobin upon BHb 
specific HydroMIPs.
The highly analogous nature of HHb to the template molecule is possibly responsible for 
the non-specific MIP effect that was observed following the loading of HHb upon a BHb 
specific HydroMIP. It initially appears as if the BHb-HydroMIP was unable to 
discriminate between the BHb template and the HHb, as the HHb rebound within the 
imprinted cavities of the material, with the majority of the protein detected in the elution 
phase (Figure 3.1). This finding is supported by the percentage distribution data 
displayed in Table 3.1, where it can be seen that 23.8%, 5.7% and 70.5% of the loaded 
protein was detected in the respective load, wash and elution phases.
Although it is plausible that the analogous nature of the HHb (in relation to BHb) is the 
cause of the non-specific binding of HHb to the BHb-HydroMIP, an alternative approach 
to the understanding of the findings can be proposed. It is possible that the HHb actually 
bound in a specific manner to the BHb-HydroMIP. Although the structure of HHb as a 
whole differs to that of BHb, both molecules are globular proteins that consist of two a 
and two P subunits. The a-subunits of both proteins consist of a chain of 141 amino acids 
with little variation between the two .^ The p- subunits exhibit slight variations between 
the proteins, but are very similar in length, consisting of 146 (HHb) and 145 (BHb) amino 
acids respectively^. The structural parallels may have resulted in the binding of HHb 
within the BHb imprinted cavities, and occurred as a result of the closely corresponding 
structures of BHb and HHb respectively. In comparing the percentage distribution values 
of HHb to BHb, it can be seen that the imprinting effect is much less pronounced for HHb 
compared to BHb, as only 70.5% of the loaded protein was detected upon elution 
(compared to 90% for BHb), and 23.8% in the load phase (HHb) compared to 4.8%
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(BHb). This indicates that the imprinted material showed a much higher degree of 
selectivity for the template molecule than the structural analogue.
It can be concluded that the BHb-HydroMIP demonstrated significant selectivity to the 
template molecule compared to structurally and chemically analogous proteins. Although 
non-specific binding did occur (to differing extents), the fact that selectivity has been 
displayed indicates that conceptually, the HydroMIP could be used as a selective 
recognition element of a biosensing strategy.
3.3.2 Albumin HydroMIP -  Cross-Reactivity
Prior to implementing the imprinting protocol experimentally, the applicability of the 
spectrophotometric analysis technique was assessed by performing protein calibrations in 
the wash and elution solvents that would be employed (RO water and 10% AcOH/10% 
SDS respectively). It was important to perform this stage prior to physically performing 
the imprinting process, as if the spectrophotometric detection technique was not 
applicable to the detection of the template protein, this could be established prior to 
performing the imprinting process and a different analytical technique could be employed 
for subsequent analysis.
A calibration range of 0-0.3mg/ml of albumin in both RO water and 10% AcOH/10% 
SDS was evaluated at 280nm by UVA^is spectrometry. At all concentrations in both RO 
water and 10% AcOH/10% SDS, very low absorbance values were obtained, with no 
calibration curve evident as a result. Spectrophotometry had proven itself to be a 
sensitive and reproducible analysis technique when assessing the haem containing 
proteins (and trypsin) used to date, over an identical concentration range. When 
performing UV/Vis analysis at peak wavelength of the haem-containing proteins, the 
absorbance maximum was evident in the visible region and was a result of the haem 
moieties in each protein and the resulting high extinction coefficient of the molecule^. 
The resulting sensitivity allowed the calibration of protein solutions and the subsequent 
determination of the experimental samples. The analysis of albumin at its absorbance 
maximum using spectrophotometry differs slightly to that of haemoglobin, as absorbance 
is reliant upon the presence of the aromatic amino acid groups within the protein^. At
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high concentrations (>0.1mg/ml) this does not present an issue, however at lower 
concentrations of albumin (O-O.lmg/ml), the sensitivity is not sufficient enough to detect 
the presence of protein.
This finding initially presented itself as a considerable drawback. Spectrophotometry had 
been identified as the method of choice as it is quick, accurate and can be performed at 
the bench without any complicated, time-consuming sample preparation. Additionally, if 
alternative analysis was employed at this point, further optimisation would more than 
likely be required. In an attempt to avoid pursuing an alternative analysis technique, it 
was preferable to attempt to amplify the signal that the protein samples produce, and 
pursue spectrophotometry as the analysis technique employed.
A colorimetric assay is one in which a colourless substance of interest is exposed to 
another compound and/or to conditions that cause it to develop a degree of colour that is 
proportional to the concentration of the substance of interest^. There has been an increase 
in the number of colorimetric assay techniques for the determination of protein 
concentration over the past 20 years. This has resulted in a perceived increase in 
sensitivity and accuracy with the advent of many techniques. These techniques include 
the Lowry assay^, Bradford Assay^, bicinchonic acid assay^ ® and the biuret assay^\ Each 
assay has its advantages and disadvantages relative to sensitivity, ease of performance and 
accuracy/reproducibility of results.
The use of a colorimetric assay to determine the protein concentration of the 
experimentally derived load-wash-elution samples of the imprinting protocol would 
theoretically allow the spectrophotometric determination of the protein content of our 
samples, allowing not only the imprinting effect to be characterised, but the use of 
spectrophotometry also. However, two considerable issues presented themselves. The 
vast majority of protein assays in common use rely upon an alkaline pH and are 
particularly sensitive to large concentrations of contaminants, such as detergents. In order 
to quantify an imprinting effect, it is imperative that protein concentration can be 
determined in the optimised AcOH/SDS elution solvent, which is both acidic and a 
detergent.
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A commercially available protein assay called the DC Protein Assay (BioRad 
Laboratories) is marketed as being compatible with a whole host of contaminants, 
including SDS up to a concentration of 10%. The assay is based on the reaction of 
protein with an alkaline copper tartrate solution and Folin reagent. The reaction relies 
upon two steps that lead to colour development; the reaction between the protein and 
copper in an alkaline medium and the subsequent reduction of Folin reagent by the copper 
treated protein. Colour development is primarily due to the amino acids tyrosine and 
tryptophan, and to a lesser extent cystine, cysteine and histidine^.
The existence of this technique held promise for the assay of the experimental samples, 
but only if it was possible to perform the analysis in an alkaline environment. This 
initially posed another problem. Various measures were perfbimed to buffer the 
experimental samples (containing AcOH) to an alkaline pH in order to perform the assay, 
but this proved to be very difficult, time consuming, and poorly reproducible. An 
alternative approach presented itself, which involved changing the elution solvent so that 
it was not acidic in nature. This was not ideal, as the elution solvent had been extensively 
optimised and the 10% AcOH/10% SDS solution was clearly the optimal elution solvent 
(in terms of template removal and subsequent imprinting effect). However, the 
progression of the novel molecular imprinting technique was being retarded by the 
reliance upon the AcOH based solution, and an alternative was sought. The use of 10% 
SDS as the elution solvent for an optimised BHb specific HydroMIP was evaluated, with 
the observed MIP effect shown in Figure 3.2.
It can be clearly seen that, although not as distinctive as when 10% AcOH/10% SDS is 
employed as the elution solvent, a 10% SDS solution on its own was still capable of 
producing a pronounced imprinting effect. The load-wash-elution profile clearly 
resembled that of an 'ideal' MIP, with little protein detected in the load and wash phases, 
with the majority of protein subsequently detected in the elution phase.
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Figure 3.2 Comparison of MIP effects obtained after the reloading of BHb on a 
BHb-HydroMIP following template elution using 10% AcOH/10% SDS elution and 
10% SDS respectively.
This would suggest that the AcOH plays a significant role in protein dénaturation. This 
effect was evaluated by employing a 10% AcOH solution as the dénaturation solvent. A 
comparison between the MIP and NIP effects exhibited by BHb-HydroMIPs subjected to 
10% SDS and 10% AcOH elution solvents respectively, is shown in Figure 3.3. A clear 
MIP effect is exhibited by the BHb-HydroMIP when 10% SDS was employed as the 
protein dénaturant (as discussed). When a 10% AcOH solution was used as the protein 
dénaturant, no imprinting effect was observed. Both MIP and NIP effects behaved in an 
ideal TSflP' manner with no protein eluted. This suggests that neither the SDS nor AcOH 
is solely responsible for the elution of protein using a 10% AcOH/10% SDS solution, 
with both SDS and AcOH combining together, to work in a protein dénaturation fashion.
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Figure 3.3 Comparison of MIP and NIP effects obtained after the reloading of 
BHb on a BHb-HydroMIP when 10% AcOH and 10% SDS solutions were 
individually employed as elution solvents.
The optimised imprinting protocol was applied to the molecular imprinting of albumin, 
with elution of the template molecule performed using a 10% SDS solution and 
spectrophotometric analysis performed at 680 nm using the BioRad DC protein assay. 
The imprinting effect exhibited by the albumin specific HydroMIP was assessed, and the 
cross-reactivity and selectivity of the material evaluated by loading BHb, Fib, FITC- 
albumin and Myo upon the albumin-HydroMIP.
The four proteins chosen to assess the selectivity of the albumin HydroMIP, should it 
behave in a predicted manner, would interrogate the imprinted cavity (and its affinity for 
the template) in terms of size and mass (BHb), structural similarity (FITC-albumin), 
physiological role (Fib) and isoelectric point (Myo).
Figure 3.4 shows the load, wash and elution trends observed following the loading of 
albumin on non-imprinted HydroNIP controls. It can be seen that in all cases a clear 'NIP' 
effect was observed, with the majority of protein detected in the load and wash phases, 
and little in the elution phase.
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Figure 3.4 Load, wash and elution trends observed following the loading of 
albumin (four repeats -  Alb 1-4) upon non-imprinted HydroNIP control gels -  NIP 
Effect”.
Figure 3.5 displays the trends observed following re-loading of albumin upon albumin- 
HydroMIPs. It can be seen in all cases, that no clear or significant imprinting effect was 
observed. The load, wash and elution trends mirror those obtained for the loading of 
albumin upon the HydroNIP controls, differing only in a slight increase in the amount of 
protein eluted from the gels. This suggests that a very slight imprinting effect did occur, 
with the slight rise in eluted protein likely to be due to albumin rebinding with the 
imprinted cavities.
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Figure 3.5 Load, wash and elution trends observed following the reloading of 
albumin (four repeats -  Alb 1-4) upon albumin specific HydroMIP gels -  MIP 
Effect”.
This finding was particularly unexpected. The experimental optimisation stages 
performed until this point had produced a working protoeol that resulted in both an 
excellent degree of template removal and, more importantly, a significant imprinting 
effect. Even though the optimisation was performed for a different template molecule 
(BHb), BHb and albumin are similar in both size and mass, and as a result there was no 
reason to suggest that an imprinting effect for albumin upon an albumin-HydroMIP 
would not be produced when employing the generic imprinting protocol that had been 
optimised for BHb. It is possible that further information regarding the nature of the 
HydroMIP, or reasons why such a poor imprinting effect was observed, could be 
elucidated from further interrogation of the material with differing proteins to that of the 
template. The selectivity of the material was assessed regardless of the poor imprinting 
effect.
Figure 3.6 shows the load, wash and elution profiles of different proteins loaded upon 
albumin-HydroMIPs and HydroNIP control gels. It appears as if a small degree of non-
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specific binding occurred when BHb and FITC-albumin were loaded onto the control 
gels, but in both cases the level of non-specific binding did not appear to be significant in 
relation to the respective load and wash values. Almost no, non-specific binding of 
myoglobin and fibrinogen was observed.
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Figure 3.6 Load, wash and elution trends observed following the loading of 
myoglobin (Myo), bovine haemoglobin (BHb), FITC-albumin (FITC-alb) and 
fibrinogen (Fib) upon albumin-HydroMIFs and HydroNIP controls.
As seen when albumin was reloaded upon the albumin-HydroMIP, no (cross-reactive) 
MIP effect was observed when the different proteins were loaded on the albumin- 
HydroMIP. This was expected in the case of myoglobin, fibrinogen, and also BHb, but 
following the selectivity studies performed upon the optimised BHb-HydroMIP, it would 
have been appropriate to predict the cross-reactive binding of FITC-albumin upon the 
albumin HydroMIP. This would have occurred as a result of the similar size, structure 
and charge of the molecules. The covalent conjugation of FITC to albumin contributes 
390Da to the 65kDa molecular weight of the original protein and does not alter the amino 
acid sequence of the native protein in a manner that compromises either the structure or 
function of the molecule^However, cross-reactive binding failed to occur, most likely
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as a result of the lack of imprinting effect displayed by the HydroMIP material in the first 
instance.
The protein assay used may have been a source of error. However, the calibrations 
produced following the assay of standard protein solutions (in both wash and elution 
solvents) of known concentrations were not only reproducible, but also produced straight 
lines (that accurately portrayed the Beer-Lambert region of the calibration curve). 
Therefore, it is possible yet unlikely that the assay was a major source of error, and it 
appears that the poor imprinting effect was likely to have been a product of the imprinting 
protocol employed, rather than the assay used.
The most plausible explanation to suggest a cause for the poor imprinting effect observed 
for the albumin specific HydroMIP, is the use of 10% SDS as the elution solvent. It is 
likely that the elution solvent used, was not applicable to the template removal and 
subsequent imprinting of albumin in the same way that it was for BHb. However, due to 
the nature of the chosen template molecules (being similar in both size and mass), it was 
not unreasonable to predict that a more significant imprinting effect would have occurred 
if it had been possible to employ the same optimised protocol to the imprinting of 
albumin. However, this was not a case due to the insensitivity of the spectrophotometric 
analysis initially employed to the albumin molecule at the low concentrations used.
It is possible that poor molecularly imprinted polymer cavities with a low affinity for the 
template molecule formed in the first instance. BHb, upon which all optimisation was 
performed, contains four polypeptide chains and is composed of two alpha and two beta 
chains. Albumin in contrast is composed of a single polypeptide chain and contains no 
beta-sheet structure unlike BHb. As a result, the albumin molecule is not globular like 
haemoglobin, and carries a negative charge overall. These differences in structural form 
could result in a lesser number of potential binding sites upon the protein that could bond 
with the functional monomer, and may explain in part why a poor imprinting effect was 
observed. It is possible that the acrylamide functional monomers did not bind to the 
albumin with the same affinity or in as greater number as they did for BHb, forming less 
imprinted sites as a result. Additionally, when considering the reduced imprinting effect 
observed when employing 10% SDS as a dénaturant (Figure 3.2), it is perhaps
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understandable why a poor imprinting effect was observed when the optimised imprinting 
model was applied to a different template molecule.
It is difficult to say that the failure to produce an albumin-HydroMIP is solely due to the 
poor formation of imprinted cavities within the polymer matrix. It is more likely to be a 
multi-factorial issue and a result of the imprinting of the molecule, the template removal 
mechanism and the analytical detection method employed. Additionally the fact that the 
imprinting protocol was not succesfully employed for albumin does not necessarily mean 
that it could not be employed for other molecules. This was tested by applying the 
optimised imprinting protocol to the formation of a molecularly imprinted polymer for the 
template molecule FITC-albumin. FITC-albumin is almost identical to albumin in terms 
of size, mass and charge, with the only and obvious difference being the presence of the 
fluorescent marker^^. The fluorescent label allowed a fluorescent detection technique to 
be employed. Fluorimetry relies upon similar principles of spectrophotometry (in terms 
of the Beer-Lambert region that proportionally links fluorescence to protein concentration 
in the same way absorbance is linked to concentration) but is a more sensitive technique.
The optimised imprinting protocol was applied to the imprinting of FITC-albumin, with 
dénaturation of the template molecule performed using the optimised 10% AcOH/ 10% 
SDS eluant. Detection of the protein content of the experimentally derived samples was 
performed by fluorimetry with the load, wash and elution profiles of the material assessed 
to ascertain the imprinting effect of the material. This would allow the assessment of the 
two possible elements that may have resulted in the unsuccessful imprinting of the 
unlabelled albumin molecule -  namely the use of 10% SDS as the template dénaturant, 
and the protein assay detection technique. The MIP and NIP effects observed following 
the application of the optimised imprinting protocol to the template molecule FITC- 
albumin is shown in Figure 3.7.
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Figure 3.7 Observed MIP and NIP effects following the application of the 
optimised imprinting protocol to the imprinting of FITC-albumin -  MIP vs. NIP.
It is clear to see that a reproducible NIP effect is observed, with the majority of protein 
detected in the load and wash phases, with no protein subsequently detected in the elution 
phase. Also, a clear MIP effect is observed, with a distinctive load, wash and elution 
trend apparent. There are several possible explanations as to the overall success and 
improvement in the imprinting effect that was observed for FITC-albumin in relation to 
an unlabelled albumin protein. Firstly, poor imprints may have once again formed, but 
the more sensitive fluorescence based detection technique that was employed was able to 
detect more subtle changes in protein concentrations. It is more likely that the use of the 
previously optimised elution solvent that contained both SDS and AcOH was responsible 
for removing the template molecule more efficiently, and the subsequent imprinting effect 
was substantially increased as a result. Additionally, the aforementioned increase in 
sensitivity that the fluorescent detection technique employed offered, further added to the 
accurate quantification of an imprinting effect.
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3.4 Conclusions
The data presented here supports the proposal that a generic imprinting protocol has been 
established that will theoretically allow the molecular imprinting of a variety of biological 
molecules. It also further suggests that the elution of the template molecule in an efficient 
and maximal manner is integral to the success of an imprinting protocol. The versatility 
of the hydrogel-based molecularly imprinted polymers that we describe have been further 
highlighted, with imprinting successfully performed for fluorescently labelled 
biomolecules with fluorimetric detection principles employed.
As discussed, it is difficult to categorically state why an imprinting effect was not 
demonstrated for the albumin-HydroMIP, with the assay and method of template removal 
and initial formation of poor imprints all being possible contributors. It is also pertinent 
to note however that this is not uncommon within MI. One of the motivations of this 
work is to produce a generic imprinting methodology that can be applied (or applied in 
part) to the imprinting of a host of biological molecules. However, one of the key factors 
that have limited the use of MIPs in commercial and practical applications is the inability 
to reproducibly design and manufacture MIPs that are reliable. It is entirely possible that 
this is yet another case where regardless of the theory upon which their manufacture is 
based, for some reason the MIP simply has not worked.
3.4.1 Future Work
The majority of future work relating to this section must involve the application of the 
optimised imprinting protocol to a wide variety of template molecules. Only then will we 
be able to assess the truly generic nature of the protocol, and the worth of the optimisation 
stages.
It would be of great value to interrogate the selectivity and specificity of the protein- 
specific HydroMIPs in the presence of multiple proteins. We have shown that the BHb- 
HydroMIP demonstrates and excellent degree of selectivity when interrogated with 
proteins that are analogous to the template molecule. However, a competitive assay 
would not only assess the true selectivity of the HydroMIP, but also the clinical utility of 
the material when interrogated with a 'real' biological sample (such as blood or urine).
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CHAPTER 4
HYDROMIP IMAGING
The extensive experimental optimisation performed has allowed the accurate 
quantification of both the imprinting effect and template selectivity exhibited by protein 
specific HydroMIPs. However, the analytical techniques employed to perform such 
quantification have not allowed the physical (structural) characterisation of the imprinted 
sites within the hydrogel, as little information has been obtained regarding the polymer 
matrix itself. It was not anticipated that the studies performed up until this point would 
elucidate much structural information. In an attempt to fully understand the effects that 
have been observed, imaging of the HydroMIP structures was performed.
4.1 Coefocal Microscopy
The optimised imprinting protocol (section 2.3) has been successfully applied to the 
imprinting of albumin that has a conjugated fluorescent marker upon it. The presence of 
these fluorescent bodies that have been imprinted within the polymer matrix, offers the 
possible use of several high-powered fluorescent imaging techniques to detail the protein 
imprinted structure, of which, confocal microscopy is the most attractive.
Fluorescence microscopy images reveal features that are undetectable to a standard 
optical microscope \  However, fluorescence images often appear blurred and have poor 
contrast due to fluorescence originating from planes other than a plane of focus. The 
confocal microscope is capable of isolating and collecting the plane of focus from within 
a sample, thus eliminating the out-of-focus 'haze' normally seen with a fluorescent 
sample^.
As confocal imaging is not reliant upon stringent experimental conditions (such as high 
vacuum or temperature), the FITC-albumin imprinted hydrogels can be visualised in their 
natural hydrated form. This will theoretically present much information regarding the 
polymer morphology of the hydrogel as a whole, and also the spatial orientation and 
distribution of the imprinted cavities, as any fluorescence observed will relate directly to
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imprinted protein molecules. Although the magnification and resolution of current 
confocal microscopes will not allow the visualisation of individually imprinted cavities 
(with a minimum theoretical size of 5.5nm -  the diameter of the protein molecule), an 
overview of the HydroMIP structure will theoretically be obtained, which will form the 
basis upon which further high powered microscopy based analysis can be performed.
Fluorescent functional monomers have been investigated for the imprinting of a variety of 
small molecules, where fluorescence intensity alters upon a specific binding event or 
template-cavity interaction^'^. Fluorescent detection of small organic template molecules 
has been extensively employed in different forms^’^ , and hydrogels have been imaged 
using confocal microscopy and employed in a variety of differing functional roles^ '^^ .^ 
Additionally, fluorescently labelled hydrogels have also been imaged using confocal 
microscopy, with the swelling characteristics, quenching effects and thermo-responsive 
nature of polyacrylamide gels being of particular interest^^’^ "^
An FITC-albumin imprinted HydroMIP was imaged using confocal microscopy. An 
optimised BHb-HydroMff was also imaged using 2-photon confocal microscopy. In both 
cases the in situ real-time dénaturation of the template molecule was performed and 
imaged.
4.1.1 Materials and Methods
4.1.1.1 HydroMIP production
The optimised imprinting parameters (section 2.3) were employed to produce BHb and 
FITC-albumin imprinted HydroMIPs. Granulation, washing and elution of the template 
molecule were not performed. Non-imprinted control gels were made in the absence of 
both BHb and FITC-albumin. The gels were granulated by passing through a 75pm sieve 
(Endecotts Ltd, London, UK), transferred to 10ml polystyrene/polyethylene centrifuge 
tubes and washed with five 2ml volumes of RO water followed by five 2ml volumes of a 
10% (v/v) acetic acid/10% (w/v) sodium dodecyl sulphate (AcOH/SDS) eluant 
(purchased from Sigma (Poole, UK) and Fisher Scientific (Loughborough, UK) 
respectively). Each wash/elution step was performed by centrifugation at 3000 rpm for 5
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mins using a Centaur II centrifuge (Fisher Scientific, Loughborough, UK), with all 
supernatant fractions extracted by pipette and collected for analysis.
Calibration curves (0-0.3mg/ml) were prepared for FITC-albumin, in the respective wash 
and elution solvents. The FITC-albumin concentration of the calibration standards and all 
experimentally derived wash/elution fractions were determined by pipetting 200pi of each 
solution into white 96 well plates (Fisher Scientific, Loughborough, UK), and analysing 
on a PerkinElmer 1420 Multilabel Counter utilising the automated FITC parameter 
(485nm/535nm).
4.1.1.2 Cryo-sectioning of HydroMIPs (and HydroNIP controls)
Both BHb and FITC-albumin imprinted HydroMIPs and HydroNIP controls were 
prepared as detailed (section 2.3). Icm^ gel samples were cut with a clean razor blade, 
before being sectioned on a Lipshaw L500A Cryostat (Lipshaw, Pittsburgh, PA). The gel 
samples were mounted upon the cryostat chuck within M-1 embedding medium 
(Lipshaw, Pittsburgh, PA). The sample was allowed to freeze in the cryostat chamber for 
approximately lOmins, before mounting the chuck upon the cutting arm. Sections 
(10pm) were carefully cut and collected upon clean microscope slides, and stored in a 
humid chamber to ensure the gel sections did not dry out.
4.1.1.3 Image Collection and Analysis of FITC-Albumin and BHb 
HydroMIPs
All images of cryo-sectioned HydroMIPs and HydroNIP controls were collected using a 
Leica TCS SP2 AOBS spectral confocal microscope equipped with a Leica DMIRE 2 
inverted microscope with three internal and two external photomultiplier tubes. A MaiTai 
laser (Spectra Physics, Mountain View, CA) was incorporated by direct optical coupling, 
adding a two-photon excitation mode to the Leica confocal system. FITC-Albumin 
HydroMIP images were collected using a PL APO CS 63xHP 1.4 WD 100pm oil 
immersion objective lens. All images were 512 x 512 pixels in size (238pm x 238pm) 
and have a 12-bit pixel depth. Image analysis was performed using Adobe Photoshop. 
BHb autofluorescence images were collected using the MaiTai multiphoton (tiisapphire) 
laser source using the same objective as before. The sample was excited at 810nm and
137
the fluorescent emission was collected between 410-590nm. In all instances, control 
images of non-imprinted gels were obtained at identical experimental parameters to that 
of the respective HydroMIPs.
4.1.1.4 BHb Autofluorescence Controls
12mg/ml solution of BHb in RO water was made. A lOOpl aliquot was pipetted onto a 
microscope slide and imaged using the MaiTai two-photon laser source using an oil 
source objective as before. The sample was excited at 810nm and the fluorescent 
emission was collected between 410-590nm. Upon capturing the image, lOOpl of 
AcOH/SDS was added to the BHb solution. An image was again captured in real time at 
identical experimental parameters. Control images of the AcOH/SDS solution were also 
obtained.
4.1.2 Results and Discussions
All confocal images were taken of the hydrogel-based materials in their natural forms, 
with no physical manipulation of the gels (other than polymerisation) being performed. 
Following polymerisation of the molecularly imprinted polymers, 10pm thin sections 
were cut upon a cryostat, thawed and then imaged. This minimalist approach to sample 
preparation not only allowed the imaging of the material in a native state, but allowed the 
real time in situ analysis of template removal events, as the structure had not been altered 
in a manner that would affect such phenomena.
The Leica TCS SP2 AOBS spectral confocal microscope used is capable of operating in 
several differing manners, each of which in turn allows the presentation and processing of 
the images in differing forms. The simplest image form is 2-dimensional in nature and 
details a single plain section of the sample. A 'Z series' is obtained when a number of 
images are taken at different plains throughout the sample along the z-axis. These images 
or sections are of a predefined thickness (as automated by the instrumental software) and 
can be portrayed in a number of differing manners. An 'image stack' is a gallery showing 
the individual sections of sample Z-series arranged side by side. A 'projection' image 
takes the image stack and portrays the entire Z series data as a single ‘projection’.
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Whilst conducting the imaging experiments, subtle changes in the parameters that govern 
image acquisition resulted in optimised image acquisition, although this tended to be a 
due to trial and error with efficiency governed by experience of the technique. When 
taking a simple 2-dimensional image, the fine average (LA) can be altered. This 
parameter allows the average of a series of identical images to be displayed and can result 
in clearer images. However, by applying a LA that is too high, an image loses definition 
and becomes 'over-smoothed'. This application is not available to 3-dimensional 
projection images. Both 2-D and 3-D images can be enhanced by the fine-tuning of the 
PMT gain. In optical emission spectrometry, photomultipliers are commonly used as 
detectors. PMTs convert photons to an electrical signal and are sensitive detectors for 
low-intensity applications such as fluorescence spectroscopy. Careful adjustment of the 
high voltage (gain) supplied to the PM tube allows the optimisation of the sensitivity of 
the detector to the observed light intensity.
Figure 4.1a is a confocal image stack of an FITC-albumin imprinted HydroMIP taken at a 
PMT value of 600. The polymer structure is evident in all sections but it appears that the 
image is over exposed, with very high levels of fluorescence occluding the structural 
detail. Figure 4.1b shows an identical image to that of 4.1a, taken at a PMT of 527. 
Although the structure is not evident in all sections, the detail is more defined due to a 
reduction in the PMT value and therefore exposure (due to voltage decrease). Figure 4.2a 
& b show the projection images that directly relate to 4.1a & b respectively. Predictably 
the overexposed image stack produces an overexposed image projection (Figure 4.2b), 
with a grainy appearance and lack of definition in the cross-linked polymer strands that 
are evident.
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Figure 4.1. (a) A confocal image stack of an FITC-albumin HydroMIP (69 optical
sections) acquired with a z-step of 0.3pm and PMT of 600, (b) As 4.1a with a PMT 
of 527.
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Figure 4.2. (a) A confocal average intensity projection of an FITC-albumin
HydroMIP image stack (69 optical sections) acquired with a z-step of 0.3pm and an 
image size of 238pm x 238pm. (b) A maximum intensity projection of an FITC- 
albumin imprinted HydroMIP image stack (69 optical sections) acquired with a z- 
step of 0.3pm and an image size of 238pm x 238pm.
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Figure 4.2a in contrast, is much more defined than 4.2b, and relates directly to an image 
stack taken at a lower PMT value (Figure 4.1b). The cross-linked strands are well defined 
from the interspatial voids, with an appropriate degree of fluorescence highlighting the 
polymer structure.
Figure 4.3a is a 2-D image taken of the same sample, with a PMT of 600 and a LA of 4. 
As in Figure 4.2b, the polymer structure is very clearly defined with an appropriate 
degree of fluorescent intensity highlighting the polymer structure. Figure 4.3b is a 
HydroNIP control gel imaged at identical parameters to that of Figure 4.3a. No 
fluorescence is observed whatsoever, (as expected due to the absence of FITC-albumin) 
and identifies that polyacrylamide is not fluorescent in nature.
SOum4.3b,,
Figure 4.3 (a) A confocal image of an FITC-albumin HydroMIP acquired at a
PMT 600 and LA of 4. (b) A confocal HydroNIP control image acquired at the same 
conditions as (a).
Figures 4.1-4,3 have been included to identify the differing forms of imaging (2-D 
projections, 3-D projections and image stacks) that were conducted. Subtle variations in 
the appearance of images can be obtained by fine-tuning both the experimental variables 
and post capture enhancement of the images using an optical software package. 
However, the majority of images do look highly similar in nature. Therefore, all 
subsequent confocal images portrayed will have been imaged in one of the three manners 
described with all experimental variables detailed as applicable.
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Figure 4.4a shows a confocal micrograph projection image of an FITC-albumin imprinted 
HydroMIP. The highly cross-linked polyacrylamide structure is evident, with large 
aqueous voids interspacing the polymer matrix. The fluorescence observed relates to the 
FITC conjugates of the imprinted albumin template, which have been entrapped within 
the polyacrylamide matrix during the FRP procedure used to formulate the material.
Figure 4.4. (a) A confocal intensity projection of an FITC-albumin imprinted
HydroMIP image stack (18 optical sections) acquired with a z-step of 0.3pm and an 
image size of 238pm x 238pm. (b) A confocal HydroNIP control image acquired at 
the same conditions as (a).
As approximately 8-12 FITC molecules are covalently conjugated to each albumin 
molecule, it is not appropriate to assume that each fluorescent molecule relates to a single 
protein specific cavity. However, the aggregation of fluorescent bodies is evidence of the 
existence of template protein embedded within the polyacrylamide material, occupying a 
molecularly imprinted cavity. Furthermore, the fact that fluorescence occurs within the 
hydrogel structure only and not the interspatial voids, further suggests that that the protein 
is entrapped solely within the polymer matrix. This is supported by the quantitative 
characterisation of the FITC-albumin imprinted HydroMIP presented in Table 4.1 (also 
represented graphically in Chapter 3, Figure 3.7).
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%  Distribution of Recovered Protein
Load Wash Elution
MIP 16,8 25.9 57.3
NIP 77.5 22.5 0
Table 4.1. Comparison of percentage distribution of recovered protein between a 
FITC-Albumin imprinted HydroMIP, and non-imprinted control. The "MIP" 
effect is characterised in terms of the observed percentage distribution of FITC- 
Albumin, following the reloading, washing and elution of the protein from the 
HydroMIP.
The contrasting load-wash-elution profiles presented in Table 4.1 strongly suggest that an 
imprinting effect is evident. The majority of the protein is detected in the elution phase of 
the MIP, indicating the removal of specifically rebound protein from within imprinted 
cavities. In contrast, no protein is detected in the elution phase of the HydroNIP control, 
with all protein detected in the load and wash phases. Therefore, the evidence of 
fluorescence in the confocal micrographs is a direct indication of molecularly imprinted 
sites. Figure 4.4b is an image of a non-imprinted polymer control taken at identical 
experimental parameters as Figure 4.4a. The distinct lack of any fluorescence indicates 
that the fluorescence observed in Figure 4.4a is due to the FITC conjugated protein and 
not autofluorescence exhibited by the polymer material.
In order for a binding event to occur between a target template molecule and imprinted 
cavity, the original template molecule in which the polymer cavity complex was initially 
formed must first be removed. This template removal is a key element in any molecular 
imprinting protocol, and has been optimised in the aqueous phase^ .^ SDS/AcOH has 
proven to be an excellent dénaturation solvent for protein imprinting in the aqueous 
phase^^'^\ Figure 4.5a shows a confocal micrograph image of a FITC-albumin imprinted 
HydroMIP. As in Figure 4.4a, the fluorescent structure (which relates to the imprinted 
protein molecules) and polymer crosslinking is clearly evident, indicating the uniform and 
reproducible nature of the material. Figure 4.5b is an image taken in the same focal 
plane, field of view, and experimental parameters as Figure 4.5a, following the addition 
of 50pl of AcOH/SDS dénaturation solvent. An instant and almost total decrease in 
fluorescence was observed and occurred due to the structural dénaturation of the template 
protein.
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Figure 4.5. (a) A confocal image of an FITC-albumin HydroMIP. (b) A confocal
image of an FITC-albumin imprinted HydroMIP (4.5a) acquired following the 
addition of 50pl AcOH/SDS. (c) A confocal image, identical to 4.5b, having been 
optically enhanced (with a gamma value of 1:2). The profound decrease in 
fluorescence observed following the addition of the dénaturation solvent was due to 
the removal of FITC-albumin from within the molecularly imprinted cavities of the 
polymer.
The unfolding of the template molecule was caused by the combinative chaotropic action 
of the acetic acid and the SDS surfactant solution^^. As a result, fluorescence decreased 
as the template molecule was removed from the imprinted polymer. Figure 4.5c is 
identical to that of Figure 4.5b, but has undergone post-capture optical enhancement using 
Adobe Photoshop. By enhancing the image intensity, it is possible to clearly identify the 
cross-linked structure of the hydrogel, which appears highly similar to that of Figure 4.5a, 
clearly demonstrating identical structural features that are distinguishable in both images.
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The fluorescent template molecule has been removed to a great extent; however residual 
protein remains within the material and is responsible for the low level fluorescence 
exhibited. This suggests that not all of the template molecule has been removed. 
However, as detailed, the HydroMIPs imaged in this instance are in their natural form, 
and additional measures involving gel crushing and washing are taken to ensure maximal 
template removal occurs when the material is employed in a molecular imprinting 
protocol (section 2.3). Additionally, although the majority of polymeritemplate 
interactions are non-covalent in nature, a certain amount of covalent interactions also 
occur due to the free radical nature of the polymerisation reaction, resulting in a certain 
degree of irreversibly bound template molecule, which would contribute to the 
fluorescence observed in Figure 4.5c. Control images of non-imprinted polymers were 
taken at identical experimental parameters to those of figures 4.5a,b & c with no 
fluorescence evident whatsoever (not shown).
To date, much understanding and knowledge of aqueous phase molecular imprinting 
protocols has been gained through the investigation and optimisation of haemoglobin. 
Unlike FITC labelled albumin, haemoglobin is not a highly fluorescent molecule. 
However, haemoglobin does exhibit a certain degree of natural fluorescence, or 
'autofluorescence'. By definition, autofluorescence is the fluorescence of a molecule to 
which no chemical substances have been applied, and naturally evokes the emission of 
light at a higher wavelength to that of the light in which it was excited. The haemoglobin 
structure occurs as a result of the coordinated synthesis of a haem and globin group. 
Haem is synthesised following a series of complex mitochondrial enzymatic reactions, 
and following transportation to the cytosol, reaction occurs with a protoporphyrin IX 
molecule. Protoporphyrin DC is a tetrapyrolic pigment, which like all porphyrins exhibits 
natural autofluorescence, which in this application can be used to image the haemoglobin 
template molecule entrapped within the polymer matrix. The BHb-HydroMIP was 
illuminated at 810nm using the Mai-Tai laser.
Figure 4.6a is a confocal micrograph projection image of a BHb imprinted HydroMIP. 
Much like the corresponding FITC-albumin image (Figure 4.5a), a clearly defined 
crosslinked polyacrylamide structure is evident, upon which fluorescence relates directly 
to the template protein imprinted within. Again, fluorescence is specific to the polymer 
structure with no free protein evident within the interspatial voids. Figure 4.6b is a
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confocal image talcen at the same focal plane, field of view and experimental parameters 
as Figure 4.6a following the addition of 50pl AcOH/SDS dénaturation solvent. An 
instant increase in autofluorescence is immediately observed. This differs greatly from 
the effect noted upon the addition of the dénaturation solvent to the FITC-albumin 
HydroMIP where fluorescence decreased dramatically. This can be explained upon 
considering the highly folded quaternary structure of the protein^\ Upon dénaturation 
and unfolding of the structure, the molecule exposes an iron atom within the core of each 
of its four molecular subunits. The iron, or haem group, is held in place by the naturally 
fluorescing heterocyclic porphyrin molecule that is quenched when the protein is in its 
highly folded globular form. In effect, the dénaturation and removal of the protein 
molecule from the HydroMIP structure increases autofluorescence due to the 
'unquenching' of the autofluorescing protoporphyrin DC complex. Further evidence to 
support this postulation was obtained by conducting control experiments.
Figure 4.6. (a) A two-photon Intensity projection of a BHb-HydroMIP image
stack (26 optical sections) acquired with a z-step of 0.3pm. (b) A two-photon
Intensity projection of a BHb-HydroMIP (Figure 4.5a) acquired following the 
addition of 50pl of AcOH/SDS.
A 12mg/ml haemoglobin solution was made and imaged using multi-photon confocal 
microscopy as previously described (Figure 4.7a). As expected, the resulting image
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shows a homogenously distributed autofluorescence, with localised regions of increased 
fluorescent intensity, which can be attributed to the incomplete dissolution of the 
concentrated protein in solution. Figure 4.7b is an image taken at the same focal plane, 
field of view and experimental parameters as Figure 4.7a following the addition of 50pl 
of AcOh/SDS dénaturation solvent. A marked increase in autofluorescence is observed 
that can be attributed to the unquenching of the porphyrin moieties as discussed.
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Figure 4.7 (a) A two-photon image of a 12mg/ml BHb solution (in RO water), (b)
A two-photon image of a 12mg/ml BHb solution (in RO water) following the addition 
ofSOplof AcOH/SDS.
4.1.3 Conclusions
A substantial amount of structural information has been obtained regarding the confocal 
imaging of an FITC-albumin imprinted HydroMIP. We believe that this is the first report 
of a polyacrylamide-based HydroMIP that has been imaged in this way. The resulting 
images clearly detail the homogenous distribution of fluorescent bodies that are 
incorporated within the polymer matrix. The AcOH/SDS elution solvent has again been 
shown to be an efficient protein dénaturant, with important control experiments 
highlighting the effect AcOH/SDS has upon protein autofluorescence.
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4.1.3.1 Future Work
Perhaps the most immediate body of work to be conducted should involve the confocal 
imaging of rebinding studies performed upon FITC-albumin imprinted HydroMIPs. The 
work conducted and reported here details the in situ, real time removal of the template 
molecule from within the imprinted cavities. It would add considerable weight to our 
claims, if an image of the FITC-albumin imprinted HydroMIP had been taken following 
the réintroduction of the template molecule to the HydroMIP, following template 
removal.
Other areas of investigation should involve the further characterisation of fluorescently 
labelled template molecules. Although the level of magnification and resolution of 
confocal microscopy is not sufficient enough to physically visualise the individual 
imprinted sites, excellent structural information regarding their orientation within the 
polymer matrix can be obtained, and is an impressive means of presenting easy to 
interpret images of imprinted polymers.
An alternative approach would be to use or incorporate a fluorescent functional co­
monomer in the imprinting protocol. In doing this, confocal microscopy could be used to 
evaluate the effect that template-binding within imprinted sites has upon the degree of 
fluorescence quenching.
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4.2 Transmission Electron Microscopy
The confocal imaging of the protein specific HydroMIP materials has generated much 
information regarding the structure of not only the polyacrylamide matrix within which 
the template proteins are embedded, but also the physical orientation of the proteins 
throughout the imprinted polymer. The use of a fluorescently labelled template molecule 
also allowed the visualisation of template removal, with the findings further corroborating 
the mechanisms of template removal previously proposed (Chapter 2).
All experimental work conducted to date strongly suggests that the HydroMIP materials 
exhibit an imprinting effect that is both specific and selective towards the template 
molecule. However, without direct images of such cavities, evidence to suggest their 
existence could be considered somewhat circumstantial. Confocal microscopy has proven 
itself to be a valuable tool but the images generated are of a low magnification, with the 
resolution of the technique falling well short of that necessary to image the 5.5nm cavities 
that (theoretically) reside within a BHb-HydroMIP.
Electron microscopy (EM), specifically transmission electron microscopy (TEM) is a 
valuable imaging tool, and one that possesses both the magnification and resolution 
capabilities to obtain images to single nanometer levels.
To date, MIPs have been characterised using a variety of imaging techniques, including 
various forms of EM^ "^ '^ .^ EM has also been succesfully employed to image 
polyacrylamide hydrogels following extensive and often time consuming sample 
preparation techniques such as vacuum drying^ '^^°, freeze drying^\ critical point drying 
(CPD)^ ,^ sequential solvent dehydration and epoxy embedding^^ and also in the absence 
of any sample preparation using an environmental scanning electron microscope 
(ESEM)^^’^ .^ Many of the previous attempts to image hydrogels using EM have produced 
poor images that lack stmctural detail. This has invariably occurred as a direct result of 
poor and inappropriate sample preparation techniques.
Here we describe of a highly novel cryogenic sample preparation method and the 
subsequent TEM imaging of HydroMIP samples that will theoretically allow the
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visualisation of protein specific cavities within a polyacrylamide HydroMIP engineered 
for the template protein BHb. We detail the HydroMIP in its native form with protein 
entrapped within the polymer matrix, and also following template elution and rebinding 
of the template molecule. We also present TEM micrographs obtained following both 
freeze fracture and freeze etching of the HydroMIP samples. The initial findings of an 
antibody immunolabel procedure are also presented which utilises the labelling of a 
template specific primary antibody with a colloidal gold-labelled secondary antibody that 
will theoretically indicate the presence of cavity specific protein molecules.
4.2.1 Materials and Methods
4.2.1.1 Materials
Acrolein, Araldite-502, benzyldimethylamine (BDMA), dodecenyl succinic anhydride 
(DDSA), Formvar (0.5% w/v in ethylene dichloride), hexamethyldisilisane (HMDS), 
hydrochloric acid (HCL), osmium tetroxide (OSO4), phosphotungstic acid (PTA), 
potassium disulphite, propylene oxide, ruthenium chloride, sulphuric acid, 1,1,1,2- 
tetrafluoroethane (Freon), Quetol 651, uranyl acetate (UA) and both 200 mesh nickel and 
400 mesh copper TEM grids were purchased from Electron Microscopy Sciences 
(Hartfield, PA, USA). Cold-water fish gelatin, methanol (MeOH), 10% (w/v) sodium 
hypochlorite and 1.5 ml Eppendorf tubes were purchased from Sigma Aldrich (St. Louis, 
MO, USA). Chlorox (sodium hypochlorite) was purchased from a wholesale retailer and 
all other chemicals and reagents were as previously described. Primary chicken anti- 
bovine haemoglobin (l°Ab) was purchased from Alpha Diagnostics International Inc. 
(San Antonio, TX, USA). Secondary donkey anti-chicken IgY (2°Ab) labelled with either 
6 nm or 18 nm colloidal gold was purchased from Jackson ImmunoResearch (West 
Grove, PA, USA).
4.2.1.2 Solution Preparation
The following solutions were employed in the experimental section detailing the antibody 
immunolabel of the HydroMIP samples (4.2.1.10). Phosphate buffered saline (PBS) low 
salt: PBS O.IM NaCl containing 0.01% (v/v) Tween 20 (Tween). PBS high salt: PBS 
0.5M NaCl containing 0.01% Tween. Tris buffered saline (TBS) high salt: TBS 0.05M
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NaCl containing 0.01% Tween. PBS low salt blocking buffer: PBS O.IM NaCl 
containing 4% (v/v) cold water fish gelatin (gelatin) and 0.01% Tween. TBS high salt 
blocking buffer: TBS 0.5M NaCl containing 4% (v/v) gelatin and 0.01% Tween. All 
buffers were also made containing 5% (v/v) gelatin (where appropriate) and 0.05% 
Tween. A 1:25 dilution of the primary antibody (l°Ab) was prepared by adding 4pl l°Ab 
to 96pl low salt PBS blocking buffer. A serial dilution was performed accordingly in 
PBS low salt buffer to give 1:200, 1:400 and 1:800 dilutions respectively. Both the 6nm 
and 18nm colloidal gold-labelled donkey anti-chicken 2°Ab was diluted in TBS blocking 
buffer to give a 1:30 dilution. A Ipg/ml solution of BHb was prepared following the 
serial dilution of a 2mg/ml stock solution.
4.2.1.3 TEM grid preparation
Where applicable, copper and nickel TEM grids were treated by one or more preparation 
techniques. Grids were coated with a Formvar support film. A microscope slide was 
cleaned using detergent and water that upon drying, left a detergent residue upon the slide 
surface. The slide was then inserted into a cylindrical glass funnel (diameter: 3.2cm; 
length: 8cm; fitted with tap and drain tube) that was filled with a 0.5% (w/v) solution of 
Formvar in ethylene dichloride. The funnel was covered, and the Formvar solution 
drained after 30secs. After a further 30secs, the slide was removed with forceps and 
allowed to air dry. The edges of the glass slide were scratched with a razor blade and 
slowly lowered into RO water at a 35-45° angle to float the Formvar film off onto the 
water. The TEM grids were placed on top of the film, and a clean glass slide was lowered 
onto the grids and gently pressed to sandwich the grids between the slide and the Formvar 
coating. Forceps were used to remove the slide, which was placed on a filter paper and 
left to dry overnight. The TEM grids were stored in an airtight container and used as 
required.
TEM grids were carbon coated by vacuum evaporation upon a Cressington Carbon Coater 
(Ted Pella Inc., Redding, CA, USA), and carbon coated TEM grids were plasma glow 
discharged upon a Cressington Sputter Coater (Ted Pella Inc., Redding, CA, USA).
151
4.2.1.4 HydroMIP dehydration
BHb-specific polyacrylamide HydroMIPs and HydroNIP controls were made and 
granulated as previously optimised (section 2.3) before being treated in three different 
ways. MIP 1 gels were washed with five 2ml volumes of RO water. MIP 2 gels were 
washed with five 2ml volumes of RO water followed by five 2 ml volumes of SDS/AcOH 
eluant. MIP 3 gels were initially treated identically to MIP 2’s. Following protein 
elution, 2mls of a 3mg/ml BHb standard was applied to the MIP 3 samples (following 
equilibration of the gel with an excess of RO water), and allowed to associate with the 
imprinted gel for lOmins. HydroNIP controls were made in an identical manner to MIP 1 
samples. Each wash/elution step was performed by centrifugation at 3000 rpm for 5mins 
using a Centaur II centrifuge (Fisher Scientific, Loughborough, UK). All gels were 
diluted 1:1 with RO water. 50jrl of each gel sample was pipetted into an Eppendorf tube 
to which 50pl of a 5% (v/v) acrolein solution was added, and the samples placed in a 
Pelco Biowave microwave (Ted Pella Inc, Redding, CA, USA) and treated under vacuum 
at 20°C (plate temperature) and 250 Watts for 2mins (on), 2mins (off) and 2mins (on). A 
lOOpl volume of RO water was added to the samples, vortex mixed and microcentrifuged 
for 5mins before being treated under vacuum at 20°C and 250 Watts for one minute in the 
microwave. The supernatant was removed (in the fume hood) and discarded to a waste 
container containing potassium disulphate powder. The RO water treatments were 
repeated in triplicate. The samples were then dehydrated using a series of lOOpl MeOH 
washes that increased in concentration sequentially from 5% (v/v) through to 95% (v/v) 
(at 5% increments) in an identical manner as the RO washes. Three lOO^ il volumes of 
100% MeOH were finally employed in an identical manner to the previous dehydration 
stages, which was followed by the addition of three drops of propylene oxide. The 
samples were treated with three lOOpl volumes of HMDS, (mixed, centrifuged for 5mins 
and supernatant removed after each HMDS addition) with the final treatment leaving a 
small dry sample at the base of the Eppendorf tube.
4.2.1.5 HydroMIP Embedding
The HydroMIP and HydroNIP samples were embedded within an intermediate viscosity 
epoxy resin (DDSA-Araldite 502-Quetol 651). The molar ratio (by weight) of the three 
resin components was 1:0.5:0.5, which equated to a resin with the composition (per lOg)
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of 6.32g (DDSA), 2.65g (Araldite 502) and 1.03g (Quetol 651). The relative percentage 
contribution ratio was 63.2%:26.5%:10.3% respectively. Therefore, 2.65g of Araldite 
502 was weighed into a plastic beaker, to which 1.03g of Quetol 651 was added and 
stirred for 20mins. DDSA (6.32g) was added to the mixture, stirred for 2mins before 
0.2ml of BDMA was added in the fume hood. The solution was stirred for a further 
5mins until a deep orange colour formed. The Eppendorf tubes containing the hydrogel 
samples were filled three quarters full with the epoxy resin mix, and placed in an oven at 
60°C overnight (12 hours) with the lids off.
4.2.1.6 Ultramicrotomy of HydroMIP samples
The HydroMIP samples were removed from the oven following polymerisation and the 
Eppendorf tubes cut away from the sample block using a razor blade. The blocks were 
trimmed to fit the sample holder of an Ultracut E ultramicrotome (Reichert-Jung, Austria, 
now Leica) and 80nm (silver interference colour) sections were cut using a Diatome 45° 
diamond knife. The sample sections were floated onto 200 mesh nickel TEM grids and 
dried over a plate warmer.
4.2.1.7 Cryo-preparation of HydroMIPs
HydroMIP and HydroNIP gels were prepared as previously described (section 4.2.1.4). A 
Ipl aliquot of each gel suspension was pipetted onto 400 mesh, carbon stabilised, 
Formvar coated glow discharged copper TEM grids. The grids were firmly grasped with 
forceps, and plunged into liquid nitrogen. Following the constant agitation of the sample 
in the liquid nitrogen for approximately 30 secs, the grids were transferred to 100% 
methanol and agitated for approximately 20 secs. The grids were then transferred to 
HMDS and again agitated for approximately 20 secs. The samples were left in a fume 
hood for 30mins to allow the HMDS to evaporate off before being examined in a JEOL 
1200EX TEM at an accelerating voltage of lOOkV.
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4.2.1.8 Heavy metal post-staining of HydroMIP samples
The HydroMIP and HydroNIP samples were prepared as described in sections 4.2.1.4 and
4.2.1.5 before being treated with either OSO4, PTA, RUO4 or UA post stains in the 
following manners: - (a) 0 s04: In a fume hood, a 4% (w/v) solution of OSO4 was 
prepared, with 2mls placed into a small glass container which in turn was placed in a 
glass petri dish. A beaker of boiling water was placed over the petri dish. The TEM grids 
upon which the hydrogels were immobilised were positioned on a glass slide, placed in 
the petri dish, and left for 30mins before being removed and the OSO4 disposed of 
appropriately, (b) PTA: A 1% (w/v) solution of PTA in MeOH was prepared with 500gl 
of the solution placed into four spots of a 2ml (spot volume) ceramic spot plate. The 
TEM grids were floated upon the PTA solution and treated for 30secs at 20°C and 250 
Watts (with no vacuum) in the thermally controlled microwave. The grids were removed 
and allowed to air dry in a fume hood, (c) RUO4: 1ml of a 10% (w/v) sodium 
hypochlorite solution was added to 0.02g of RUCI3.3H2O in a 5ml glass vial and 
immediately capped resulting in a reddish brown solution. The TEM grids were 
immobilised on a glass slide, placed in a petri dish, and exposed to the RUO4 vapours for 
30mins. The RUO4 source was removed from the petri dish, and the samples were left in 
the fume hood to degas for Ihour. The waste RUO4 was reduced with 20% (v/v) aqueous 
H2O2 and disposed of appropriately, (d) UA: A 2% (w/v) solution of UA in ethanol was 
prepared, and staining of the samples was performed as in (b). All samples were 
examined in a JEOL 1200EX TEM at an accelerating voltage of lOOkV.
4.2.1.9 Freeze fracture of HydroMIP samples
Chamber preparation : The freeze fracture instrument (Balzer 301 High Vacuum Freeze- 
Etch Unit, Balzer, Principality of Liechtenstein) was turned on and allowed to warm up 
for approximately 30mins to allow the diffusion pump to gain a high vacuum. The 
electrodes were prepared in the meantime, with a platinum pellet carefully loaded into the 
tip of a hollowed out carbon rod, and positioned at 45° to the sample stage. A second 
standard carbon rod was positioned directly above the sample stage. The chamber door 
was closed, and pumped down to high vacuum (10’\ ) .  A liquid nitrogen supply was 
attached to the instrument and activated in order to cool the sample stage to -196°C.
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Pre-fracture sample preparation: lOpl of the hydrogel samples was pipetted into gold- 
disc specimen cups that had been previously cleaned in alcohol. Liquid nitrogen was 
poured into a small dewar, allowed to equilibrate for 5mins before liquid Freon was 
sprayed into the top of the dewar to form a solid bung. A hollow was made in the top of 
the bung, and the specimens were dipped into the hollow void for 2mins. The specimen 
cups were then fitted into the specimen holder, which had been resting in liquid nitrogen 
for lOmins, and when the sample stage in the instrument had cooled to -196°C, the sample 
holder was inserted and mounted upon the specimen stage. The chamber was pumped 
down to IQ- t^ the cutting arm cooled to -196°C, and the sample stage was raised to -105 
°C.
Cutting: The knife was carefully brought in line with the samples, and sections were cut 
in a smooth and fluid motion. When the samples had been 'fractured', the knife was 
raised above and backed over the sample, and left in position for several minutes where 
sublimation of the water from the sample occurred and the samples were 'etched'.
Shadowing: Following removal of the knife from above the sample, the samples were 
shadowed at 45° with platinum-carbon with an action potential of 1800V, emission 
current of 70mA and deposition time of 8secs. Shadowing by carbon then occurred at 
2400V, 90mA for lOsecs, which acted as a support matrix for the platinum-carbon 
composite. The knife was then backed over the sample, the system vented, the chamber 
opened and the samples carefully removed. The sample cups were removed from the 
sample holder, and to each sample, two drops of a 2% (w/v) Lexan polycarbonate 
solution was applied before the samples were immediately placed in a freezer (-20°C). 
Following removal of the samples from the freezer, the sample holders were placed in a 
porcelain spot plate in an excess of RO water.
Post-fracture sample preparation: The replicas were carefully agitated and floated off 
the samples in the RO water support. A platinum loop was used to transfer the replicas to 
100% sulphuric acid. The samples were left in the sulphuric acid over night, before being 
treated to multiple RO water wash stages. Replicas were also cleaned (where applicable) 
with a 5.25% Chlorox solution followed by multiple RO water washes, then with a 
chromic acid solution, again followed by multiple RO water washes. The replicas were 
picked up on 400mesh copper TEM grids (which had been cleaned with HCl acid and
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methanol), air dried, and excess water drawn off using a filter paper. The replicas were 
then examined in a JEOL 1200EX TEM at an accelerating voltage of lOOkV.
A near identical procedure was performed in the absence of the freeze fracture step. The 
instrumentation and samples were prepared in an identical manner, and prior to the 
shadowing of the samples with platinum-carbon/carbon, deep-etching of the samples was 
performed by backing the cutting knife (-196°C) over the sample for 3mins with 
sublimation subsequently occurring. The samples were again treated as previously 
described, and examined in a JEOL 1200EX TEM at an accelerating voltage of lOOkV.
4.2.1.10 Antibody immunolabel of BHb-Specific HydroMIPs
Gel controls: A 1:1 dilution (w/v) of each HydroMIP and HydroNIP sample was
prepared by adding 200^1 of RO water to 200mg of gel sample. A 5pi aliquot of each 
dilution was pipetted onto 400mesh glow discharged, Formvar coated, carbon stabilised 
copper TEM grids, with the excess liquid pulled from the edge of the grid using a filter 
paper. The grids were placed over a hot plate to dry and imaged in a JEOL 1200EX TEM 
at an accelerating voltage of lOOkV.
Immunolabel of MIP 1 with chicken anti-BHb IgY and 18nm colloidal gold-labelled 
donkey anti-chicken secondary antibody : A 5 pi aliquot of MIP 1 was pipetted onto 
400mesh glow discharged, formvar coated, carbon stabilised copper TEM grids and 
repeated in triplicate. In addition, 5pl of the Ipg/ml BHb solution was pipetted onto 
copper TEM grids (as before), which was repeated in duplicate. Any excess sample 
solution was removed from the grids using a filter paper (allowing the solution to wick 
through the paper), and all grids were floated upon 20pl of PBS blocking buffer, 
specimen side down on a ceramic spot plate and placed in a Pelco Biowave microwave 
(Ted Pella Inc, Redding, CA, USA) and treated at 30°C (plate temperature) and 250 Watts 
for 2mins (on), 2mins (off) and 2mins (on). The three MIP 1 samples were then floated 
on either a 1:200, 1:400 or 1:800 dilution of chicken anti-BHb IgY l°Ab. One of the BHb 
samples was floated on a 1:100 dilution of l°Ab, and the other BHb sample was not 
treated with a primary antibody. All samples were treated in the microwave as before. 
All samples were floated on 20 i^l PBS low salt buffer with microwaving for Imin before
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being transferred to 20\xl PBS high salt buffer with microwaving for Imin. All samples 
were then floated upon 20pl of TBS blocking buffer for Imin, and then transferred to 
20|xl of the 18nm colloidal gold-labelled 2°Ab and treated in the microwave as before. 
Upon removal from the microwave, all samples were floated on 20pl of TBS high salt for 
Imin, then three 20pl volumes of RO water for Imin respectively, and dried over a slide 
warmer at 65°C for approximately lOmins. All samples were imaged in a JEOL 1200EX 
TEM at an accelerating voltage of lOOkV.
Immunolabel o f HydroMIP and HydroNIP samples with chicken anti-BHb IgY and 
6nm colloidal gold labelled donkey anti-chicken IgY secondary antibody. All 
HydroMIP samples (MIP 1-3) and HydroNIP controls were treated in a near identical 
manner to the immunolabel of the MIP 1 sample described previously. All experimental 
stages were as before with the exception with the employment of a 1:200 dilution of l°Ab 
used, a 6nm colloidal gold labelled 2°Ab and 5% gelatin/0.05% Tween buffer solutions 
(in preference to 4% gelatin and 0.01% Tween).
4.2.2 Results and Discussion
A traditional approach to sample preparation was initially performed. This involved the 
fixation of the samples using acrolein, a common tissue fixative used in EM Fixation 
is a chemical process during which the proteins in the specimen are cross-linked and 
prevents the breakdown of tissues resulting from the release of enzymes after tissue death 
(autolysis). Acrolein penetrates tissue much faster than other fixatives such as 
glutaraldehyde, and is particularly useful when attempting to prepare large, highly 
saturated samples. The fixation (and subsequent dehydration of samples) was aided by 
the use of a microwave processing system. Fixation and dehydration of samples can be 
particularly laborious and time consuming, and the largest factor to influence the success 
of the fixation procedure is the degree of penetration of the fixative through the material. 
The microwave technology used not only drastically reduces preparation time, but 
increases the degree of penetration of the fixative through the sample^ .^
Due to the high vacuums employed in EM, a fully dehydrated sample is imperative to the 
success of the experiment. Following fixation of the samples, microwave assisted
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dehydration was performed using a series of methanol washes of increasing strength to 
remove the water from the sample. HMDS was finally employed as the final step, and is 
a commonly used chemical drying agent in heavily hydrated specimens^^. Following the 
fixation and dehydration of the samples, they were embedded in an epoxy resin, and 
sectioned upon an ultramicrotome.
It is common in EM to post stain the sample sections of interest with a heavy metal stain. 
The differential staining of sections is typically performed using solutions of heavy metal 
salts such as those of lead and uranium, which because they are so dense, are opaque to 
the electrons transmitted through it. Therefore, unstained or lightly stained regions appear 
on the viewing screen as clear areas, whereas parts of the section that have absorbed the 
heavy metal stains appear as darker regions. Figure 4.8 shows TEM micrographs of MIP 
1 samples obtained following the fixation, dehydration, embedding, sectioning and the 
post-staining of the material with FT A, UA and OSO4. Initial optimisation studies were 
performed upon MIP 1, which as previously described is representative of the HydroMIP 
material in its natural form in the presence of the template protein.
Figure 4.8a shows the MIP 1 sample stained with PTA. There is a clear contrast in the 
electron density of the material, which is likely to have occurred due to the differing 
degree of uptake of the PTA stain. Hydrogel structure is evident, however it is not 
possible to clearly observe any features that would be indicative of the imprinted template 
molecule. The main features on the micrograph are the large spherical regions of high 
electron density. It is difficult to propose the true nature of these structures, but it is 
unlikely that they are native to the hydrogel itself. The structure surrounding the highly 
dense areas appears to be homogenous in nature and is more likely to be representative of 
the true gel structure. It is probable that the areas of increased electron density are either 
staining artefacts, or by-products of the sample preparation.
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Figures 4.8b and 4.8c are TEM micrographs of MIP 1 samples post-stained with UA and 
OSO4 respectively. As observed in Figure 4.8a, little structural detail is evident in both 
cases, with large areas of electron density relating to staining artefacts/contaminants. 
From these images, it is difficult to gain any information suggesting the evidence for 
either imprinted cavities or immobilised template proteins. However, it is important to 
note that stmcture is evident. This alone is encouraging considering the aqueous nature of 
the hydrogels and the difficulties commonly encountered when imaging such materials. 
In addition, as all materials possess a natural degree of electron density (dependant upon 
the atomic number of each of the atoms present in the material of interest), it is possible 
that TEM images may be obtained in the absence of heavy metal staining.
Throughout the sample preparation stages, it became apparent that due to the heavily 
hydrated nature of the hydrogel materials, it would be particularly problematic to 
reproducibly achieve fully dehydrated samples. The images (Figure 4.8) were obtained 
following the dehydration of a MIP 1 HydroMIP, but it is important to note that multiple 
attempts were made to dehydrate the sample, with the most conunon outcome being a 
tacky, sticky sample that was difficult to section following its embedding within the 
epoxy resin. As a result, an alternative preparation method was researched and proposed.
Cryofixation, by definition, is simply the process of freezing samples to prepare them for 
viewing by EM. It has been known for some time that cryofixation can provide much- 
improved structural and biochemical preservation of cellular components compared to 
commonly employed aqueous fixation protocols^" .^ If the rate of freezing is slow, ice 
forms in the sample matrix (whether it be the extra cellular matrix of a cell or the spatial 
voids of a hydrogel), which results in the destruction of the sample due to ice damage. 
The rapid freezing of samples avoids the formation of ice crystals and presents itself as an 
attractive sample preparation technique for the hydrogels. There are five commonly used 
cryofixation methods, namely plunge freezing, spray freezing, double propane jet 
freezing, cold metal block freezing and high pressure freezing, with all methods involving 
the ultra-rapid cooling of the sample at rates of above 10 000°C/s. Invariably, these 
techniques involve the use of traditional sample fixatives and stains such as 
gluteraldehyde and OSO4 to aid in the preservation of the sample structure.
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We describe a novel plunge freezing cryofixation technique for the preparation of 
polyacrylamide based molecularly imprinted polymers. The technique involves three 
distinct stages. Firstly, the hydrogel sample (diluted 1:1) was placed onto a copper TEM 
grid and plunged for 30 seconds into liquid nitrogen. It was then transferred to 100% 
MeOH for 20 seconds, before being transferred finally to HMDS for 20 seconds. Figure
4.9 shows TEM micrographs of a HydroNIP control gel obtained at three differing 
magnifications, having been prepared using the novel cryofixation technique.
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The images observed in Figure 4.9 show a great deal more structural information than 
seen in Figure 4.8. Figure 4.9a is a low magnification (x50 000) image that clearly shows 
the highly cross-linked hydrogel matrix. This image highlights the natural electron 
density of the material, and that the cryofixation method employed appears to have 
preserved the structure of the material. When closely inspecting the image, it is possible 
to see a stmcture that is similar to that observed as a result of the confocal microscopy 
studies performed, with the highly cross-linked lattice like stmcture containing large 
interspatial voids between the polymer strands (section 4.1). It is also possible to see that 
although homogenous in appearance, there are areas that are considerably darker than 
others. Close inspection of these areas show a depth of stmcture that occurs as a result of 
hydrogel folding/layering that most probably occurred during the cryofixation. Figure 
4.9b is an image of the same HydroNIP sample taken at a higher magnification (xlOO 
000). The area of focus of this image was on an individual hydrogel particle, and was 
taken in an attempt to achieve a clearer view of the sample without the excessive layering 
effect observed in Figure 4.9a. The uniform, homogenous electron dense nature of the 
sample can be seen, as are darker areas that relate layering of the stmcture. Figure 4.9c is 
a TEM micrograph of the same HydroNIP sample taken at a magnification of x200 000. 
Once again, as in 4.9a & b, the sample is homogenous in appearance, with the electron 
dense polyacrylamide lattice evident. There does not appear to be any observable 
stmctural detail that would suggest the presence of either an imprinted protein or cavity, 
which is to be expected due to the absence of either in this control sample
These findings are extremely encouraging. Not only does it appear as if the sample 
preparation technique preserves the stmcture of the hydrogels, but also suggests that the 
clarity of image obtained due to a combination of the magnification and resolution of the 
technique and electron density of the sample may result in images of the molecularly 
imprinted cavities, should they exist as evidence to date suggests they do.
Figure 4.10 shows TEM micrographs of a MIP 1 HydroMIP gel obtained at three 
differing magnifications, having been prepared using the novel cryofixation technique. 
Again, the hydrogels exhibit a natural electron density that allows the observation of a 
uniformly stmctured surface. The low magnification image (Figure 4.10a) does however 
differ somewhat in appearance to that of the low magnification image of the HydroNIP 
control (Figure 4.9a). In Figure 4.9a, a highly cross-linked lattice is evident. However, it
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is important to bear in mind that prior to cryofixation, the hydrogel samples were not 
attached or tethered to the TEM grids in any way. Physically fixing the sample to the grid 
would invariably involve the introduction of fixatives to the sample, which could alter the 
sample structure. As a result, it is difficult to control the degree to which the sample 
“sticks” to the TEM grid, or the orientation in which the sample resides upon the grid 
surface. Therefore, inter and intra sample variations are observed, but only as a result of 
the manner in which the sample resided upon the TEM grids.
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At the higher magnifications, additional structural detail is observed that was not evident 
on the control gel images (Figure 4.9). Small areas upon the hydrogel structure that are 
significantly lighter in appearance to that of the bulk are apparent, which when assessing 
their size, appear to be in the region of 5-lOnm. These can be observed most easily on 
Figure 4.10c, where several areas of interest have been circled. The sample in question, 
MIP 1, is known to contain imprinted proteins bound within the polyacrylamide matrix. 
Although template elution was not performed upon this sample, conditioning washes with 
RO water were performed to remove any weakly associated or non-specifically bound 
template protein. It is possible that these areas of lesser electron density could in fact be 
imprinted cavities that were exposed following the water washes. This is plausible when 
considering both size of the highlighted regions and theoretical size of imprinted cavities 
are approximately 5.5nm. It is difficult to prove this hypothesis, but subsequent analysis 
of the remaining samples (MIP 2 & MIP 3) suggests that a trend (regarding the possible 
presence of cavity like entities upon within the appropriate samples) may have occurred.
Figure 4.11 shows TEM micrographs of a MIP 2 HydroMIP gel obtained at three 
different magnifications, having been prepared using the novel cryofixation technique. It 
is immediately apparent that this sample differs greatly in appearance compared to the 
images seen of the HydroNIP and HydroMIP 1 samples.
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Significant variations in hydrogel structure are apparent in Figure 4.11 in comparison to 
the control samples imaged (HydroNIP and HydroMIP 1). Across the entirety of the 
polymer structure (and not within the interspatial voids) a stippling effect is clearly 
visible, which comprises many areas of a significantly lesser electron density. This is 
most apparent in Figures 4.11b & c, where areas of interest have been circled. These 
individual areas measure approximately 5-lOnm in diameter, and are similar to the 
features observed in Figure 4.10c. MIP 2 was subjected to template elution prior to 
cryofixation, which removed the template protein from the polymer matrix, exposing 
molecularly imprinted cavities as a result. Therefore it is possible that the stippling 
effects observed are imprinted cavities.
These findings correlate with the observations made regarding Figure 4.10c, where it was 
proposed that the water washes used to condition the samples may have removed a small 
degree of template protein, resulting in the presence of areas of lesser electron density. 
The template eluant (AcOH/SDS) denatured the protein and removed it from the 
imprinted cavity to a much greater extent than the water washes. This may have 
manifested itself upon the resulting micrographs as the observed regions of lesser electron 
density. The sizes of the (theoretically) observed cavities also appear to be appropriate 
for the BHb template molecule that is 5.5nm in diameter. The presence of slightly larger 
cavities (10-15nm) suggests that several protein molecules may aggregate together prior 
to polymerisation, upon which imprinted cavities form that are spatially selective to an 
agglomeration of protein molecules.
However, it must be stated that there appeared to be a high degree of background noise 
evident upon Figures 4.11a-c. This may have contributed substantially to the appearance 
of the features observed upon the micrographs.
A third HydroMIP sample (MIP 3) was imaged to assess whether selective uptake of the 
template molecule had occurred within the imprinted cavities. Figure 4.12 shows TEM 
micrographs of a MIP 3 HydroMIP gel obtained at three different magnifications. At all 
magnifications, the stmcture of the hydrogel is homogenous throughout with no evidence 
of the stippling that was clearly and abundantly apparent in Figure 4.11. Figure 4.12a 
shows a low magnification image of the gel, where the cross-linked stmcture is apparent, 
once again detailing the interspatial voids that have been consistently seen throughout
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both confocal and the TEM imaging performed. When increasing the degree of 
magnification to xlOO 000 & x200 000 (Figure 4.12b & c), no cavity-like regions appear 
to be present. It is possible that this occurred as a direct result of the rebinding of the 
template molecule within the imprinted cavities that were exposed following template 
removal.
The TEM micrographs presented here provide visual evidence to support the qualitative 
and quantitative data obtained that suggests that the HydroMIP materials do possess 
molecularly imprinted cavities that are responsible for the molecular memory that they 
exhibit. We believe that the images show a synergy that is shared by all samples, in terms 
of the architecture exhibited by the materials, and the manner in which this is portrayed 
upon the micrographs, as well as inter sample variations that possibly relate to the 
evidence of imprinted cavities. However, it must be stressed that additional TEM 
imaging must be performed to further explore the findings that have been proposed in this 
section of work, as the interpretation of the micrographs are subjective in nature. In order 
to further substantiate the findings proposed, TEM images of BHb-HydroMIPs were 
taken following the use of alternative sample preparation techniques.
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4.2.2.1 Freeze Fracture
Freeze fracturing is a technique that is typically used for the preparation of replicas from 
frozen surfaces of biological specimens in order to gain information regarding the three- 
dimensional structure of the sample as judged from surface relief along fracture planes^ .^ 
Following the fracture of the material, ice is “etched” away from the material by 
sublimation to further exaggerate the structural detail present, and shadowing of the 
material with platinum-carbon (followed by a carbon support) produces an exact replica 
of the material that can be imaged using TEM. Theoretically, by fracturing a HydroMIP 
sample, a great deal of structural detail could be elucidated, most notably describing the 
evidence of molecularly imprinted cavities. However, careful consideration of the 
samples to be evaluated in this manner was first necessary. The freeze fracture technique 
relies upon exposing internal surfaces as a result of an irregular relief through the 
material. Therefore, it is likely that the most success would be gained from investigating 
either a MIP 1 or MIP 3 sample both of which contain the template protein entrapped 
within the hydrogel network. Any fracture would result in both the original template 
molecule being exposed as well as the new surface (that would be complementary to the 
protein molecule), which would invariably be the imprinted cavity itself. This would not 
occur if either the HydroNIP control, or the HydroMIP 2 sample (both of which do not 
contain imprinted protein) were imaged in this manner. Therefore, HydroMIP 1 samples 
were imaged using a freeze fracture preparation technique, and are displayed at two 
differing magnifications in Figure 4.13.
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Figure 4.13. TEM micrographs of freeze fractured MIP 1 HydroMIP gels obtained 
at magnifications of (a) x50 000 and (b) xlOO 000. All images were acquired upon a 
JEOL I200EX TEM at an accelerating voltage of lOOkV.
Figure 4.13a & b show that structural detail has been elucidated using the freeze fracture 
technique but it is difficult to define the true structure of the sample. There are 
reproducibly occurring areas of higher electron density throughout the body of the 
material, but at both magnifications it is difficult to propose a viable explanation for these 
features. If the freeze fracture procedure occurred in a predicted manner, imprinted 
proteins (within the cavities in which they reside) would have been exposed. The darker 
features observed could possibly relate to proteins embedded within the cavities. 
However, on the whole, little information to support the claim of protein imprinted 
cavities is presented.
One of the inherent drawbacks of a freeze fracture procedure is the post-experimental 
stages required to prepare the sample replicas for imaging. The replicas themselves are 
incredibly fragile and difficult to handle which is a considerable problem, as is the 
tendency of the sample material to attach itself to the replica occluding the visualisation 
of the finer detail exhibited by the replica. It is highly likely that the hydrogel was not 
removed from the replica, even when differing combinations of chromic acid, sulphuric
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acid and Chlorox were used. Additional investigation of this technique was warranted, 
with a subtle variation to the freeze fracture technique presenting itself as a suitable and 
preferable alternative to further optimisation of the freeze fracture protocol.
4.2.2.2 Freeze Etching
Freeze etching is an integral part of a freeze fracture procedure. Following the fracture of 
the material, etching is performed which acts to remove ice from the fracture region. 
Etching removes the ice by sublimation thereby exposing surface detail that was 
previously hidden from the cleavage of the surface. The hydrogels are homogenous in 
nature with imprinted sites occurring throughout the entirety of the sample. Therefore, 
the freeze fracture may be unwarranted, as the internal region of sample subjected to the 
fracture is identical in nature to the external surface of the material. Direct etching of the 
external surface would therefore have the same effect as fracturing and etching the 
sample, and may be preferential due to a lesser number of experimental steps. As a result, 
a MIP 1 HydroMIP sample, identical in nature to that subjected to the freeze fracture, was 
subjected to a freeze etching procedure in the absence of a fracture stage. The resulting 
micrographs are shown in Figure 4.14.
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Figure 4.14a shows a low magnification TEM micrograph of the freeze etched MIP 1 
sample. At this magnification, a general overview of the material is given, where 
considerably darker regions of electron density (top left of image) relate to a thicker 
region of sample. The lighter sample area protruding from the main bulk of the sample 
appears to show more detail which at this magnification is difficult to visualise, but is the 
focus of the images at higher magnifications. Figure 4.14 b & c show xlOO 000 and 200 
000 magnifications of the sample. In both instances, it is possible to see small areas of 
localised electron density (in relation to the surrounding bulk) that are spherical in nature 
and are approximately 5-lOnm in diameter. These regions are not homogenously 
distributed across the sample surface, but appear to be reproducible (in terms of size) 
where they do occur. One of the most important issues to consider when analysing a 
TEM micrograph obtained following either a freeze fracture of freeze etching procedure, 
is that the image is a replica of the original sample. It is therefore important to note that 
the small features displayed in Figure 4.14 relate to the template protein embedded within 
the imprinted cavities, which have manifested themselves as cavity like bodies within the 
replica mask.
Following the initial success of the freeze etching procedure, the process was repeated in 
a similar fashion in an attempt to demonstrate the reproducibility of the technique and to 
obtain micrographs of a better quality. In Figure 4.11, it can be seen that the imprinted 
cavities occur homogenously across the entirety of the polymer structure. Figure 4.14 
showed that although protein-relating features are evident, they do not occur as frequently 
as one would expect. Sodium hypochlorite (household bleach) and chromic acid, have 
been widely used in freeze fracture methodologies, and were incorporated here to aid the 
removal of hydrogel from the carbon-platinum-carbon replica.
Figure 4.15 shows TEM micrographs of a MIP 1 HydroMIP sample subjected to the 
freeze etching procedure using the modified replica preparation methodology. Figure 
4.15a shows a xlOO 000 magnification of the sample material. The majority of the 
specimen displays little relevant detail, however the highlighted area shows a structure 
displaying multiple areas of increased electron density that are similar to the features and 
images observed in Figure 4.14. The higher magnification image of the same sample 
shows the regions of interest in much clearer detail. The sizes of cavity-like features 
appear to be approximately 5nm in diameter and appear in a much more regularly
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occurring nature than observed in Figure 4.14. It is likely that these repeatedly occurring 
areas of increased electron density relate to template proteins residing within the 
molecularly imprinted cavities. The sodium hypochlorite/chromic acid combination 
appeared to aid the removal of sample from the replica, resulting in clearer, more 
descriptive images.
.m
Figure 4.15. TEM micrographs of freeze etched MIP 1 HydroMIP gels obtained at 
magnifications of (a) xlOO 000 and (c) x200 000 following the addition of sodium 
hypochlorite and chromic acid in the post-replica preparation stages. The 
highlighted area upon 4.15a indicates the region of interest and focal area for Figure 
4.15b. All images were acquired upon a JEOL 1200EX TEM at an accelerating 
voltage of lOOkV.
4.2.2.3 Antibody immunolabel of BHb-HydroMIPs
The images obtained from the freeze etching experiments corroborate the findings of the 
TEM images obtained following the cryogenic sample preparation. Strong evidence is 
presented to suggest the presence of both immobilised protein within a hydrogel network 
and protein specific cavities within the molecularly imprinted polymers also.
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Despite this further proof being presented, the images are still open to interpretation, and 
further evidence would therefore once again enhance our claim. This was achieved by 
performing an immunohistochemical-based experiment in an attempt to categorically 
prove the evidence of a molecularly imprinted polymer.
Ideally the template molecule (BHb) would be directly labelled. If this was performed in 
a highly specific manner, evidence of such label would identify beyond doubt that the 
template molecule was specifically entrapped within the hydrogel matrix. This was 
conducted to a certain extent by the confocal imaging conducted, with a fluorescently 
labelled template molecule, which in turn identified the presence of the imprinted sites in 
comparison to non-imprinted controls. Despite the clear success of the study, the 
resolution and magnification of the imaging technique used was not able to physically 
visualise the imprinted sites themselves.
As the template molecules employed in these investigations are proteins, it is possible to 
raise primary antibodies that are highly specific to the template of interest. Furthermore, 
it is possible to then label the primary antibody with a gold-labelled secondary antibody. 
An experiment of this nature was performed: - BHb specific HydroMIPs (MIP 1-3) and 
HydroNIP controls were labelled with chicken anti-bovine haemoglobin primary 
antibody. A colloidal gold-labelled donkey anti-chicken secondary antibody was then 
introduced, with the presence of colloidal gold on the resulting micrographs representing 
the evidence of the template molecule within imprinted cavities. The chicken anti-bovine 
haemoglobin primary antibody was raised to the lyophilised protein that had been used to 
produce all imprinted polymers. A chicken was chosen in preference to either rabbit or 
goat (which are typical sources of primary antibodies) to raise the antibody, primarily 
because chickens are more apt to making high-avidity antibodies to mammalian antigens.
The method employed to perform the immunolabel experiment was atypical in nature, 
and was devised as a result of the advice and expertise of the laboratory staff. The main 
difference between the micrographs resulting from the immunolabel study and those 
previously described is that the immunolabel experiment was not performed upon 
cryogenically fixed samples. The hydrogel samples were simply dried over a hot plate 
following the completion of the immunolabel methodology. Therefore, it was unlikely 
that the resulting images would display a structure that would resemble those obtained
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following either the cryofixation or the freeze fracture/freeze etching procedures. The 
immunolabel was performed in this manner for very specific reasons. The primary 
antibody was very costly. If the immunolabel was performed upon a fixed sample, then a 
considerably greater amount of antibody would have to be employed. This would put 
considerable limits upon the experimental variations that could be investigated, and place 
great emphasis upon obtaining significant results from a limited number of experiments. 
The fact that the samples were not fixed in any manner would have a substantial bearing 
upon the interpretation of the resulting images. However, the emphasis of these 
experiments was not to visualise the imprinted cavities themselves (as was that of the 
cryofixation and freeze fracture/etching experiments), but to visualise a colloidal gold 
label that would be indicative of the presence of a template molecule immobilised within 
an imprinted cavity.
The immunolabel procedure itself was based upon standard molecular biology techniques. 
Fish gelatin was employed as a blocking agent to prevent non specific binding of the 
antibody, and a series of high and low salt buffer solutions were used to wash the samples 
and ensure complete removal of non-specifically bound antibody. A microwave 
processing system was also employed to facilitate the infiltration of the antibody through 
the hydrogel samples, significantly reducing the time taken to complete the experiment.
Prior to performing the immunolabel upon the hydrogel samples, it was necessary to 
establish both the potential utility of the antibody, and the appropriate antibody dilution to 
use. Therefore a series of control experiments were performed. The primary antibody (at 
a dilution of 1:100) was introduced to a 5pi aliquot of a BHb solution at a concentration 
of Ipg/ml. This was treated by microwave processing before being labelled with an 
18nm colloidal gold-labelled secondary antibody at a dilution of 1:30. The secondary 
antibody was also introduced to a second aliquot of BHb in a similar fashion, in the 
absence of the primary antibody. Both samples were dried on a hot plate and imaged on 
the TEM with the resulting micrographs shown in Figure 4.16.
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Figure 4.16. TEM micrographs of antibody immunolabel controls obtained at a 
magnification of x20 000. (a) A Ipg/ml BHb solution labelled with chicken anti- 
bovine haemoglobin primary antibody and ISnm colloidal gold-labelled donkey 
anti-chicken secondary antibody, (b) A Ipg/ml BHb solution labelled with an ISnm 
colloidal gold-labelled donkey anti-chicken secondary antibody in the absence of the 
primary antibody. All images were acquired upon a JEOL 1200EX TEM at an 
accelerating voltage of lOOkV.
Figure 4.16a is a low magnification (x20 000) TEM micrograph of the BHb solution 
labelled with both the primary and secondary antibody. An abundance of small electron 
dense particles are apparent, which are the 18nm colloidal gold labels. In contrast. Figure 
4.16b is a low magnification (x20 000) TEM micrograph of the BHb solution labelled 
with only the secondary antibody. As a result of the absence of the primary antibody, the 
secondary antibody was unable to bind to the protein template molecule, and no gold 
label is observed. This is an extremely important control experiment as it demonstrates 
the specificity of the primary antibody to the target protein and gives an initial indication 
that any subsequent immunolabel experiment performed stands a strong chance of 
behaving in the desired manner. The large lobes that are evident in the centre of Figure
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4.16a are likely to be small holes or pores in the Formvar coating applied as a structural 
support to the TEM grids used, and is not native to the BHb structure in any way.
Following the initial success of both the immunolabel procedure performed and the 
control experiments conducted, a further series of controls were performed in an attempt 
to ascertain the appropriate antibody dilution to use in the subsequent immunolabel of 
HydroMIP and HydroNIP samples. Figure 4.17 shows MIP 1 HydroMIP samples 
labelled with 18nm colloidal gold-labelled secondary antibody following the addition of 
the primary antibody at a dilution of 1:200, 1:400 and 1:800 respectively.
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The 18nm colloidal gold can be seen to differing extents at all three antibody dilutions. A 
clear correlation between antibody dilution and gold particle density was exhibited, with 
74, 22 and 3 gold labels observed at dilutions of 1:200, 1:400 and 1:800 respectively. As 
a result, an antibody dilution of 1:400 was used in all subsequent experiments as a good 
response in terms of the gold label observed was noted, and any over-labelling that may 
be encountered at higher concentrations would be avoided.
One important consideration concerned the size of the gold label used. Initially, an 18nm 
gold-label was employed. However, when considering the size of the individual protein 
molecules entrapped within the polymer matrix (5.5nm) and the densely packed 
orientation of the cavities across the polymer structure (as observed in Figure 4.11) it is 
likely that a substantial amount of steric hindrance would occur as a result of the binding 
of an 18nm gold particle, occluding the binding of the secondary antibody to other 
primary antibody-protein conjugates in the immediate area of the initial gold label. 
Therefore, when performing the immunolabel upon the full range of HydroMEP and 
HydroNIP samples, a 6nm colloidal gold-labelled donkey anti-chicken secondary 
antibody was used.
All HydroMIP and HydroNIP samples were exposed to the chicken anti-bovine 
haemoglobin primary antibody followed by a 6nm colloidal gold-labelled donkey anti­
chicken secondary antibody and imaged upon the TEM (images not shown). A quantified 
summary of the number of 6nm colloidal gold-labelled secondary antibody binding events 
observed for all samples is shown in Table 4.1.
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Hydrogel Sample Distribution of 6nm colloidal- 
gold particles (per 2.9pm^)
HydroNIP 0
HydroMIP 1 25
HydroMIP 2 8
HydroMIP 3 13
Table 4.2. Summary of observed number 6nm colloidal gold particles following 
the labelling of all hydrogel samples with chicken anti-bovine haemoglobin primary 
antibody and 6nm colloidal gold-labelled donkey anti-chicken secondary antibody at 
a primary antibody dilution of 1:400.
As expected, no colloidal gold was evident upon the HydroNIP control due to the absence 
of the template molecule. Colloidal gold label was evident to differing extents in all three 
HydroMIP samples. The MIP 1 HydroMIP sample displayed the highest level of 
colloidal gold, with 25 gold particles clearly evident in the micrograph. The MIP 1 
sample is representative of the HydroMIP in its native form with the protein template 
embedded within the imprinted cavities of the polymer structure. Therefore, the primary 
antibody was able to specifically bind to the template protein, which allowed the 
subsequent binding of the secondary antibody. The MIP 2 HydroMIP sample also 
behaved in a predicted manner; this sample had undergone template elution, which is 
known not to be 100% efficient (as discussed in Chapter 2). This resulted in the binding 
of both primary and secondary antibody, and colloidal gold label to a much lesser extent. 
The MIP 3 HydroMIP sample had been subjected to template rebinding following the 
removal of the original template protein from the polymer matrix. Therefore it would be 
expected that a higher degree of colloidal-gold label would be observed. This occurred, 
with 13 colloidal gold labels being evident upon the micrograph.
The findings presented in this section propose further evidence to support the claim of the 
presence of molecularly imprinted template proteins within polymer hydrogels, and 
corroborates the findings of both the spectrophotometric data presented in Chapters 2 and 
3 (in relation to the optimisation of the imprinting effects exhibited by the HydroMIP 
materials), and the confocal microscopy detailing the orientation of fluorescent templates
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within the hydrogel networks. The direct imaging of the imprinted cavities has been 
presented and is supported by the antibody immunolabelling of the HydroMIP and 
HydroNIP samples, where a clear trend is observed as a result of the labelling of the 
template containing HydroMIP samples with a colloidal gold label.
4.2.3 Conclusions
Following unsuccessful attempts to image BHb-HydroMIPs using conventional 
approaches to sample preparation, a novel cryogenic-based protocol was devised. This 
methodology has not been previously described for the preparation of either 
polyacrylamide gels, or molecularly imprinted polymers of any form. As a result, TEM 
images have been produced that detail the hydrogel samples in all forms. The cavity 
containing MIP 2 HydroMIPs clearly exhibit a reproducible structure that differs 
considerably to that of the protein containing HydroMIP samples. We believe that these 
structural differences occur as a result of the removal of the template molecule from the 
imprinted polymer, with the resulting images of the structure providing visual evidence of 
protein specific molecularly imprinted cavities.
The presence of the template protein within the HydroMIP matrix has also been imaged. 
TEM was performed upon hydrogels prepared using a freeze etching procedure. The 
resulting micrographs correlated closely with the cryogenic preparation procedure in 
terms of the size and spatial orientation of the molecularly imprinted cavities.
A highly specific antibody-immunolabel procedure has also been described. Template 
protein residing within the imprinted cavities of a BHb-HydroMIP was labelled with a 
6nm-colloidal gold-labelled secondary antibody. As a result, gold label was abundant 
upon TEM micrographs taken of MIP 1 and MIP 3 samples, in relation to hydrogel 
samples (largely) absent of protein (MIP 2 and NIP). This approach adds further 
enhances to supporting the claim of a BHb-specific molecularly imprinted polymer.
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4.2.3.1 Future Work
The use of TEM as an imaging tool for MIPs, particularly those made in the aqueous 
phase is a highly novel area of investigation. Future success of imaging such materials 
invariably lies with the further optimisation of the cryogenic preparation techniques. The 
protocol proposed clearly preserved the structure of the imprinted materials. However, 
images of a higher quality will only be achieved following a considerable amount of time 
and attention being invested into researching the differing approaches to sample 
preparation available. A particular focus of attention should regard the development of a 
methodology to attach the hydrogels to the TEM grids without physically fixing or cross- 
linking the sample material itself. The failure to standardise such a technique resulted in 
a significant degree of inter sample variation (in terms of the physical appearance of the 
samples). One possible approach would be to image the HydroMIPs in their native, 
hydrated state. This would be possible using an environmental scanning electron 
microscope (ESEM), which offers a more flexible platform with regards to the nature of 
the samples.
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43 AFM analysis of BHb"Specîfîc 
HydroMIPs
Atomic force microscopy is an analytical technique that holds the potential to investigate 
molecularly imprinted polymer gels in a manner that has previously not been reported. 
The AFM not only provides the ability to view the polymer structure of the hydrogel 
materials (contact mode) but also the possibility of observing specific binding events as 
they occur at the molecular level (force spectroscopy).
Of all the analysis techniques available, it is important to put into context why AFM, 
particularly whilst operating in the contact and force spectroscopy modes, was chosen. 
AFM is considered to be a 'gold standard' analysis technique that has found application in 
many varied and far-reaching applications of science and technology. Most significantly, 
AFM is based upon principles that fundamentally differ to that of the other imaging 
techniques employed to date, namely confocal and TEM. Also, it is very important to 
stress that the methods of sample preparation that were developed and optimised in 
section 4.2, where a novel cryogenic sample technique is described for the analysis using 
TEM, were again employed for all AFM analysis. Therefore, two 'gold standard' 
techniques will have been utilised to interrogate HydroMIP samples produced in an 
identical manner.
When interrogating the cryogenically prepared hydrogel samples using AFM, 'contact' 
mode is the most appropriate mode of operation. It should be noted that there are certain 
disadvantages associated with this mode (such as image distortion and sample damage), 
but a methodical experimental design can virtually eliminate such effects. Contact mode 
is the most appropriate method of analysis for several reasons. By using contact mode, 
one can obtain images of atomic resolution. Such high resolution may lead to valuable 
information detailing subtle variations in the manner in which the cavities are orientated 
within the polymer, and could not be achieved using any alternative technique. Secondly, 
from the TEM analysis, it is known that the cryogenic preparation method successfully 
maintains the finite structure of the material. However, from observing the repeated 
folding and layering of the hydrogel material under the EM, it is appropriate to assume 
that the samples are unlikely to possess a smooth surface, and are more likely to exhibit
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extreme changes in surface topography. Contact mode can easily scan the surface of such 
a sample, a feature not offered by other analysis modes.
The following section details the analysis of BHb-specific HydroMIPs using AFM. 
Topographic images were obtained using lOnm (curvature of radius) silicon nitride AFM 
tips operated in the contact mode. Force curve measurements were also obtained using 
unmodified lOnm silicon nitride tips, lOnm tips modified with bioconjugated BHb, and 
lOnm tips modified with bioconjugated goat anti-haemoglobin polyclonal antibody.
4.3.1 Materials and Methods
4.3.1.1 Materials
Thermanox® coverslips and poly-L-lysine (0.1%) (polylysine) were purchased from
Electron Microscopy Sciences (Hartfield, PA, USA). Unmodified silicon nitride AFM 
probes with an average spring constant of 0.03 N/m and a curvature of radius of lOnm 
were purchased from Novascan Technologies (Ames, lA, USA). Silicon nitride probes of 
the same dimension were purchased and modified by the manufacturer (using a 
polyethylene glycol cross-linker) (PEG) with lyophilised bovine haemoglobin purchased 
from Sigma (Poole, UK) and a polyclonal goat anti-human haemoglobin (which showed 
cross reactivity to bovine haemoglobin) purchased from Abeam Inc (Cambridge, MA, 
USA). All other reagents were as previously described.
4.3.1.2 HydroMIP preparation prior to AFM analysis
HydroMIPs and HydroNIP control gels were made as previously optimised (sections 2.3 
& 2.4). Following granulation of the hydrogel samples, NIP, MIP 1, MIP 2 and MIP 3 
samples were prepared as described in section 4.2.1.4. Thermanox coverslips were 
dipped in 0.1% polylysine and allowed to air dry. A spatula was used to apply a small 
measure {ca. O.lg) of each HydroMIP and HydroNIP sample to a polylysine coated 
Thermanox® coverslip, with the hydrogel spread homogenously across the surface of the 
coverslip. Each sample was then cryogenically treated as described in section 4.2.1.7, 
and stored in a dry chamber prior to analysis.
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4.3.1.3 Contact mode topographie analysis of hydrogel samples
An AFM Bioscope System (Nanoscope 3A, Digital Instruments, Santa Barbara, CA, 
USA) AFM mounted on an Axiovert 100 TV inverted microscope (Zeiss, Thomwood, 
NY, USA) was used in contact mode operation. The Axiovert light microscope was used 
to focus upon a sample region that was homogenous in appearance and absent of any 
topographic features of extreme height that would impede the free movement of the 
cantilever across the sample surface. The samples were imaged at a scan rate of 0.3Hz 
with an internal gain of 1.4 and proportional gain of 1.8 with 5pm and 1pm scan sizes 
imaged at a deflection set points of 1.25V and 0.6V respectively.
4.3.1.4 Force-spectroscopy measurements
Each of the HydroMIP and HydroNIP samples, plus a polylysine control, were 
interrogated using the same unmodified lOnm AFM tip whilst operating in the force 
measurement mode. As before, the light microscope was used to focus upon a 
homogenous sample section before the probe was advanced towards the sample surface 
using the automated approach function. The tip was allowed to repeatedly touch and 
retract from the sample surface for 3 minutes, resulting in approximately 90 force curves. 
The process was repeated on the same sample in three different sample areas. For each 
experiment, 30 force curves were randomly selected (10 from each repeat). The binding 
events were quantified using a proprietary software package (NforceR) to determine the 
adhesion force between AFM probe and hydrogel sample, and analysed using Matlab 
software (Math Works, Natick, MA, USA), with all Matlab programming written and 
used by kind permission of Mr. H.O. Fatoyinbo (Centre for Biomedical Engineering, 
University of Surrey, UK). Each of the HydroMIP and HydroNIP samples were 
interrogated in an identical fashion using both the protein (BHb) and antibody (polyclonal 
goat anti-haemoglobin) modified probes.
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4.3.2 Resujlts and Discussion
4.3.2.1 Hydrogel topography
Each of the individual topographic sets of images shown detail individual figures 
comprised of two separate images. The height image data on the left hand side of each 
figure displays the local height variations while the probe-sample interaction force is kept 
constant and is acquired by recording the position of the piezo in the z-axis, and displayed 
using pseudocolor mapping where dark colours (black) relate to low features, and lighter 
colours (yellow/green) relate to high features. The image on the right hand side of each 
figure is the deflection image, which measures the deflection of the cantilever while the 
probe scans at a constant height. Pseudocolor mapping has also been applied to these 
images in an identical fashion to the height images. Height images provide quantitative 
information on sample surface topography, while deflection images often exhibit higher 
contrast of the morphological details.
All hydrogel samples (MIP 1-3 & NIP) were interrogated in contact mode using a lOnm 
(curvature of radius) unmodified silicon nitride AFM probe, with a spring constant of
0.03N/m. Figure 4.18 shows all hydrogel samples at a scan size of 5pm^ with 
experimental parameters as described in section 4.3.1.2.
Figure 4.18a & b show the surface topography of HydroNIP and MIP 1 HydroMIP 
samples respectively. In both cases, the resulting height images (left hand side) clearly 
show a surface that has many regions that are of a significantly lesser height than the 
majority of the surface. These spherical, lobe like structures differ in size and are present 
in the range of approximately 0.1 pm-1pm in diameter. The deflection images (right hand 
side) again highlight these regions of differing height and as would be expected, occur in 
an identical orientation as the features seen in the height images. When considering the 
nature of both the confocal and TEM images that were obtained, we can assume that these 
features are the interspatial voids that are present in the polyacrylamide hydrogels as there 
is a similarity in the size and manner in which the features occur.
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Figure 4,18 AFM topographie images of a) NIP, b) MIP 1, c) MIP 2 and d) MIP 3 
obtained at a scan size of using an unmodified lOnm silicon nitride probe in 
contact mode. The left hand image details the true height of the sample with the 
right hand image referring to the deflection of the cantilever.
Figures 4.18c & d show the surface topography of MIP 2 and 3 HydroMIPs respectively. 
These images differ slightly to those observed in Figure 4.18a and b. It appears as if 
interspatial voids are once again evident in both cases, but occur more frequently and are 
smaller in size, with an approximate average diameter being in the region of 0.1pm. 
These smaller interspatial voids were also observed in both the TEM and confocal 
microscopy performed, and it is unlikely that these features occur as a result of a 
difference in hydrogel structure that is specific to the MIP 2 and 3 samples. It also 
appears as if the features observed in Figure 4.18c & d are evident amongst a surface that 
exhibits extremes in topography, which was not observed in Figure 4.19a & b. The 
height images show a surface that has many localised areas that are yellow/green in 
colour (very high regions), in relation to many darker areas of colour (regions lower in 
height), which is mirrored by the deflection images obtained. The extremes in 
topography of the samples were observed prior to conducting the AFM imaging, and this 
is not an unexpected result. Cryopreparation was used to prepare the samples prior to 
imaging. This resulted in a surface that was clearly uneven to the naked eye, and was 
even more pronounced when observed under the light microscope of the AFM instrument. 
Although one of the advantages of contact mode is its ability to image samples of extreme
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topography, it is preferable to image a sample that is as homogenous and uniform as 
possible, as the tips used to image the sample tend to be particularly fragile in nature. 
This is true of the probes used in this case with the cantilever measuring 350pm in length, 
35pm in diameter and 1.0pm in thickness. The probe tip itself was 15-20pm in length 
with a radius of curvature of 10 nm and as a result, the imaging of a highly textured 
surface may have proven to be particularly problematic, as the danger of breaking the tip 
upon approaching the surface would be constantly evident. In an attempt to counter this, 
the sample areas upon which analysis was performed was carefully selected, the criteria 
of which being a surface that was homogenous in appearance and absent of any extreme 
topographical features.
One of the aims of this section of experimental work was to achieve topographic evidence 
of the hydrogel nano-structure, with particular emphasis placed upon imaging of the 
molecularly imprinted cavities evident in the MIP 2 HydroMIP sample in relation to the 
other hydrogels analysed. We know that the theoretical minimum size of an imprinted 
cavity for a BHb template molecule is 5.5nm in diameter, which is supported by the TEM 
imaging work previously described. AFM probes are widely available to many differing 
specifications. Only recently however, have lithographic production methods advanced 
to the extent that AFM probes with a curvature of radius of single nanometer magnitudes 
can be reproducibly produced and are now widely available. Although a lOnm probe 
(such as the ones purchased and utilised in this investigation) would not offer the 
resolution to image a single isolated cavity, we propose (from the TEM imaging) that 
cavities often occur for a group of proteins and can extend to approximately 20nm in 
diameter. The lOnm probes should therefore be capable of interrogating the imprinted 
cavities. Figure 4.18c depicts the MIP 2 HydroMIP. As discussed, smaller interspatial 
voids within the polyacrylamide matrix are evident, but at the scale (5pm^) employed, 
although it appears as if a general view of the structure has clearly been obtained, the 
resolution is not sufficient enough to elucidate finer structural detail such as imprinted 
cavities. In an attempt to gain a higher degree of resolution and obtain a topographic 
image of the imprinted sites, a scan size of Ipm^ was employed upon exactly the same 
samples at the same experimental parameters, with the results depicted in Figure 4.19.
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Figure 4,19 AFM topographic images of a) NIP, b) MIP 1, c) MIP 2 and d) MIP 3 
obtained at a scan size of Ipm^ using an unmodified lOnm silicon nitride probe in 
contact mode. The left hand image details the true height of the sample with the 
right hand image referring to the deflection of the cantilever.
By employing a smaller scan size, the effect observed is similar in principle to increasing 
the degree of magnification. Finer structural detail should be available which in this 
instance would hopefully identify the molecularly imprinted cavities. In reality however, 
from interpreting the images shown in Figure 4.19, it is unlikely that this has been the 
case. The hydrogel structure can be seen in all images to differing extents. Figure 4.19a 
shows the HydroNIP control with lobe like structure once again evident in the height 
image on the left hand side (measuring approximately 200nm), that are not so clearly 
apparent in the deflection image. This also applies to Figure 4.19b, where structural 
detail is again evident, with the interspatial voids occurring in several places, but not so 
apparent in the deflection image. It is possible that this occurred as a result of the AFM 
instrument used, which can theoretically operate at a scan size of 0.2pm  ^but in reality, 
scan sizes of Ipm  ^ considerably push the limits of resolution. A similar trend was 
observed for MIP 2 and 3 samples, where finer structural detail was observed, with 
smaller interspatial voids apparent in both cases (Figure 4.19c & d respectively), however 
Figure 4.19c (MIP 2) does not exhibit any physical structure that could plausibly be 
interpreted as an imprinted cavity or cavities.
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The HydroMIP structures have been successfully imaged using contact mode AFM in the 
manner described. However, the extent to which the hydrogels have been detailed has not 
advanced our knowledge or understanding of the polymer structure. The cryogenic 
sample preparation method employed appears to be appropriate for contact mode 
analysis, but the limitations of the instrument, particularly the scan size, prevented further 
structural information being elucidated. Furthermore, the AFM probes used, although 
one of the smallest (in terms of curvature of radius) commercially available, did not offer 
the resolution to interrogate imprinted cavities in the region of 5.5nm.
4.3.2.2 Force Measurements of BHb-HydroMIPs with bio-modifîed 
AFM probes
The AFM offers a unique solution to study biological processes at the nanometer scale. 
Not only can the AFM visualise the molecular structure of biological molecules, but also 
rigorously probe the nanomechanical properties of a molecule (such as adhesion, hardness 
and elasticity) with unprecedented resolution^^. Biomolecular adhesion events affect a 
variety of physiological phenomena that the AFM can uniquely measure, with the ability 
to detect molecular interaction forces (in the single piconewton range)^ .^ Consequently, it 
is possible to investigate the interactions of single molecules with their specific receptors. 
However, this is not a technique that is reserved to the analysis of biomolecular host-guest 
interactions occurring in their native form, as it offers the potential to experimentally 
measure the specific interactions that theoretically occur between MIPs and their 
respective templates.
As previously mentioned (section 1.7.3), force-spectroscopy measurements can reveal 
important information about specific interactions that occur between the AFM probe and 
a specific surface of interest'*^ ''^  ^ Such interactions can be measured by the 
immobilisation of ligands upon the AFM tip, which is then brought into contact with a 
surface that contains complimentary binding sites or receptors to the ligands. Upon 
retraction of the AFM tip away from the surface, the ligand-receptor binding complex 
deforms until the hydrogen bonds and other attractive interactions that hold the complex 
together reaches a critical force and the complex dissociates or unbinds"^ .^
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Silicon nitride AFM probes were modified in two ways. BHb or polyclonal goat anti­
human haemoglobin (which showed cross reactivity to bovine haemoglobin) were 
immobilised using a PEG linker upon individual lOnm (curvature of radius) probes. This 
is schematically represented in Figure 4.20.
Unmodified Probe
-haemoglobin! 
Modified Probe
BHb
Modified Probe
Polylysine
Figure 4,20 A schematic representation of (A) the different tip modifications 
performed and (B) the physical form of the HydroMIPs and controls that will be 
investigated.
It is important to clarify the physical nature of the hydrogels that were investigated. The 
rationale for this particular aspect of work was to image molecularly imprinted cavities 
within the polymer gels. To do this, it was necessary to remove the template molecule in 
the optimised manner (granulation, elution etc). As a result, the hydrogel slurry was not 
in a physical form that could be imaged using the AFM. Although it is possible to image 
biomolecules in an aqueous environment using AFM, the samples are invariably 
immobilised upon a solid support. This was not possible with the hydrogel in question, 
and any attempts to approach the gels would result in the gel being 'pushed' away from 
the tip, with no image formation occurring as a result. The cryogenic preparation 
technique that was successfully employed in section 4.2 (TEM) presented itself as an 
ideal medium to be imaged. At this point, we were confident that the cryo- 
immobilisation technique had preserved the hydrogel structure and isolated the imprinted 
cavities within the polymer. Therefore, all analysis was performed upon hydrogels 
treated in this manner.
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Furthermore, the physical form of the hydrogel must be considered (with reference made 
to Figure 4.20). MIP 1 and MIP 3 theoretically have the template molecule entrapped 
within the HydroMIP matrix. MIP 2, NIP and the polylysine control are largely void of 
any protein template. Therefore, it was proposed that interrogation of the five samples 
with a template-immobilised AFM probe would result in large force curves being 
measured for MIP 2 in relation to all other gel forms. Conversely, the anti-haemoglobin 
modified probe would show a large affinity to MIP 1 and MIP 3 in relation to the samples 
absent of any template protein. Therefore, all samples were investigated as described, 
with an unmodified probe also being utilised to act as a control/reference.
Upon interrogating the hydrogel samples, a data file was produced for each individual 
force curve. These were analysed using Matlab, a statistical analysis program produced 
by Mathworks. As a result, a raw value was generated, and a force (F) calculated using 
the following formula:
F = R xZ x 5  X C
Where R = Raw value
Z = Z hard scale
S = Probe sensitivity
C = Probe spring constant
In each case, the Z Hard Scale was an instrument constant (0.38147x 10"^ ), the Probe 
Sensitivity was 182.8 nm/V and the Probe Spring Constant was 0.03 nN/nm. The 
resulting force was therefore given in nN.
The size of the force curves varied, and was dependent upon both the physical form of the 
sample and the type of tip employed. However, consistent throughout all analysis, were 
the reproducible natures of each curve (both inter and intra sample) and the features that 
were apparent upon them. Figure 4.21 is a representative force curve generated from the 
investigation of a MIP 1 HydroMIP with a BHb-conjugated AFM probe.
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Figure 4.21 details the magnitude of the force curves that were generated as a result of 
interactions that occurred between the bio-modified AFM probes and the majority of 
samples investigated. It is also clear that the samples were very hard in nature, which 
was to be expected when considering the cryogenic sample preparation technique 
involved. Evaluation of the shape of the retraction section of the force curves suggests 
that a single type of molecular interaction was occurring. When the measurement in 
question is the binding of a ligand to two different membrane bound proteins for example, 
it typically does so with differing affinities. The resulting force curves tend to display 
two distinct shouldered regions upon the retraction section of the curve. The distinctive, 
single peaked retraction curve displayed here suggests that a single type of host-guest 
binding event is occurring. This however is not to say that a single molecular interaction 
is occurring, as the sheer magnitude of the curves suggest that a great number of selective 
molecular interactions are occurring simultaneously.
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Table 4.3 details the force curve values that were obtained following the interrogation of 
MIP 1, MIP 2, MIP 3, HydroNIP and polylysine controls. In each case, 30 force curves 
were chosen at random, and analysed as described.
Force Curve Measurement (nN)
Sample
Unmodified
Probe
T emplate-modified 
Probe (BHb)
Antibody-modified 
Probe (Anti-BHb)
Polylysine 7.41 (±0.36) 13.51 (±0.38) 0.08 (±0.01)
NIP 6.32 (±0.10) 18.90 (±0.31) 9.60 (±1.78)
M IP l 9.17 (±0.27) 27.70 (±2.01) 14.87 (±0.33)
MIP 2 6.68 (± 0.27) 23.08 (±0.31) 11.22 (±0.18)
MIP 3 13.98 (±0.59) 25.81 (± 1.44) 14.77 (± 0.53)
Table 4.3 Force curves generated following the interrogation of Polylysine, NIP, 
MIP 1, MIP 2 and MIP 3 samples with an unmodifîed, BHb-modified and anti-BHb 
modified silicon nitride (lOnm curvature of radius) AFM probe. Each value is a 
mean of 30 replicate experiments, with the standard deviation of each data set 
shown in brackets.
The unmodified AFM probe was used to interrogate the samples, and was employed as a 
control experiment. Table 4.3 shows that the forces exhibited by MIP 1 and MIP 3 
samples (9.17nN and 13.98nN respectively) were substantially greater than those 
exhibited by polylysine, NIP and MIP 2 (7.41nN, 6.32nN and 6.68nN respectively). 
These findings were as predicted, with variations in exhibited force curves occurring as a 
result of the protein content of the samples. The template molecule occupies the 
imprinted cavities within MIP 1 and MIP 3 HydroMIPs. As a result, non-covalent 
interactions occur between the tip and the proteins within these cavities. Therefore, when 
the tip is retracted away from the sample surface, a large force curve (in relation to the 
polylysine, NIP and MIP 2 samples which are absent of protein) results.
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The average force of interaction between MIP 3 and the unmodified tip was greater than 
that measured between MIP 1 and the unmodified tip (13.98nN and 9.17nN respectively). 
This is likely to have occurred as a result of the protein template not re-occupying the 
imprinted cavity (during rebinding) to the same extent as that of the original template 
molecule. The imprinted cavities initially formed around the template protein during 
polymerisation. Protein removal from the cavity then occurred by denaturing and 
unravelling the protein molecule. When the template was reintroduced to the cavity, 
despite the imprinted site exhibiting a size, shape and orientation that was specific to the 
template, it is unlikely that the protein would be capable of physically reoccupying the 
site to the same extent as it had previously. As a result, it is possible that the protein 
molecules within the MIP 3 sample were more exposed to the AFM tip than those of the 
MIP 1 sample, due to their orientation within their cavity.
In all cases, the polylysine and HydroNIP samples could be considered as the negative 
control experiments. By interrogating these samples, the natural affinity between the tip 
and the polyacrylamide hydrogel can be established, which will indicate whether any 
forces that are subsequently observed between HydroMIP samples and modified tips 
occur as a result of a specific interaction, or are native forces exhibited by the sample 
itself.
The BHb-modified AFM tip was used to interrogate the presence of BHb-specific cavities 
within the MIP 2 HydroMIP sample. An average force size of 23.08nN was exhibited by 
the MIP 2 sample. This force was significantly greater than the average force observed 
for the NIP control sample, which was 18.90nN. This was an expected result, as the MIP 
2 sample possessed unoccupied BHb specific sites that were capable of accepting the 
immobilised template upon the AFM tip. Binding between these sites and the BHb 
molecule occurred, which in turn resulted in a greater force being required to withdraw 
the tip from the sample.
One of the most powerful ways in which a MIP effect can be defined, is in relation to a 
NIP prepared in an identical manner to that of the MIP, in the absence of the template 
molecule. Figure 4.22 displays the trends observed following the interrogation of 
polylysine, HydroNIP and BHb-HydroMIP (MIP 2) with a BHb-modified AFM probe. 
The Oaussian distributions detail the number of adhesion events that occurred, in relation
198
to the forces required to withdraw the AFM probe from the hydrogel surfaces. A 
distinctive trend is observed. The polylysine control exhibited the smallest force, with a 
(mean) value of 13.51nN required to remove the AFM probe from the surface. A slightly 
greater force of 18.90nN was required to withdraw the probe from the NIP surface. The 
increase in attractive forces exhibited between the two samples can be attributed to the 
BHb showing a greater affinity to the polyacrylamide than the polylysine. Most 
significantly, a force of 23.08nN was required to withdraw the template-modified AFM 
tip from the HydroMIP sample. This occurred due to the presence of unoccupied 
template-specific imprinted cavities within the polymer, which accepted the template- 
coated probe as a result of the shape, size and charge orientation of the cavity.
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Figure 4,22 The distribution of force in relation to the number of adhesion events 
that occurred when interrogating polylysine, HydroNIP and MIP 2 HydroMIP,
The range of forces that were exhibited for each sample was incredibly small. This is 
graphically represented by the spread about the modal value in Figure 4.22, and also by 
the standard deviation about the mean values in Table 4.3. It can therefore be concluded, 
that highly specific interactions were reproducibly occurring with each sample 
investigated in this manner.
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It was predicted that when interrogating the MIP 1 and MIP 3 samples with the BHb- 
modified probe, a smaller average force would be required to withdraw the tip from the 
sample than was observed for MIP 2. This was based upon the MIP 1 and MIP 3 samples 
not possessing unoccupied imprinted cavities that would be capable of accepting the 
template. However, this was not observed. Significantly greater forces were required to 
remove the BHb-modified tip from both MIP 1 and MIP 3 samples (27.70nN and 
25.8InN respectively), than was required for the MIP 2 sample. Although unexpected, 
when considering the nature of protein-protein interactions, it is plausible that this effect 
would have occurred. Protein-protein interactions occur as a result of the specific 
complimentary recognition of two macromolecules, and readily occur via the 
hydrophobic interactions between non-polar residues both upon and within the protein 
structure'^ .^ It is therefore likely that the attractive forces that occurred between the BHb 
modified AFM tip and the BHb occupying the imprinted sites was greater than that of the 
BHb modified tip and the unoccupied imprinted cavities. Regardless, an imprinting effect 
is clearly displayed by the MIP 2 HydroMIP sample, with substantially greater forces 
required to withdraw the modified probe from a cavity-containing sample, than a non­
cavity containing control.
Having obtained these results, it became apparent that if an AFM tip were modified with 
an antibody that was specific to the template protein, the presence of the imprinted 
cavities could be investigated by a different approach, effectively characterising the 
presence of cavities by the lack of interactive forces between modified tip and sample. 
An anti-human haemoglobin polyclonal antibody was purchased and immobilised upon 
the AFM probe using a PEG linker as described. Ideally, an antibody that was specific to 
the template molecule would have been employed, but at the time, such a molecule was 
not commercially available. However, although the antibody used was against human 
haemoglobin, it had shown a high degree of cross-reactivity with bovine haemoglobin. 
Therefore, it was predicted that greater adhesive forces would occur between the 
antibody-modified AFM probe and MIP 1 and MIP 3 samples (protein containing), than 
would occur with NIP and MIP 2 samples.
When MIP 1 and MIP 3 hydrogels were investigated with the antibody-modified AFM 
tip, forces of 14.87nN and 14.77nN respectively were required to remove the probe from 
the sample. In contrast, when HydroNIP and MIP 2 samples were interrogated in an
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identical manner, forces of 9.60nN and 11.22nN were required to withdraw the probe. It 
can be seen that a slightly larger force is required to remove the probe from the surface of 
a MIP 2 sample than a NIP control sample. Although the MIP 2 was largely void of the 
template protein, template removal was not 100% efficient^^. As a result, a small degree 
of interaction occurred between residual protein within the gel and the antibody-modified 
probe. In contrast, much larger interactive forces occurred between the antibody- 
modified probe and the MIP 1 and MIP 3 samples. This occurred as predicted and as a 
result of the specific interactions between antibody and the template protein residing 
within the imprinted cavities of the HydroMIP samples.
4.3.3 Conclusions
For the first time, we have described the AFM imaging of protein-specific molecularly 
imprinted polymers. Contact mode AFM was used to generate topographic images of the 
HydroMIP and HydroNIP surfaces, with the structure of the polyacrylamide gel matrix 
clearly presented in all cases.
Significantly, we also report of the force-curve measurement of BHb-HydroMIPs with 
bio-modified AFM probes. When the cavity containing MIP 2 HydroMIP samples were 
interrogated using a template-modified AFM probe, significantly higher adhesion forces 
were exhibited in comparison to when HydroNIP controls were interrogated in an 
identical manner. Conversely, when the template containing HydroMIP samples were 
interrogated with anti-haemoglobin antibody, significantly higher adhesion forces were 
exhibited than were observed for the HydroMIP and HydroNIP samples that were 
(largely) void of the template. These findings present substantial evidence, in a manner 
that has never been reported before, to suggest the presence of BHb-specific imprinted 
cavities within the polyacrylamide-based molecularly imprinted polymer.
4.3.3.1 Future Work
The use of AFM as a tool to characterise both the HydroMIP structure using contact mode 
topographic imaging, and bio-molecular interactions using force-curve analysis holds
201
much promise for the future development and understanding of aqueous-phase molecular 
imprinting.
In terms of topographic imaging, one of the primary limitations found here, was the 
radius of the AFM probe in relation to the size of the imprinted cavities of interest. Only 
by using AFM tips that are significantly smaller in size than the diameter of the imprinted 
site, will accurate topographic images be obtainable. One possible source of such probes 
would be carbon nanotubes, which recently have become commercially available with tip 
radii of less than 5nm. Imaging of BHb-HydroMIPs using such probes would invariably 
result in topographic images of a substantially higher resolution.
Force-curve measurements using bio-modified probes have proven themselves to be a 
highly valuable and novel method of HydroMIP investigation. Areas of future study 
should invariably involve the cross-reactive interrogation of protein-specific HydroMIPs 
with structural analogues to that of the template. Based upon the findings in this section, 
it is likely that should a HydroMIP be made in an efficient manner that does exhibit a 
MIP effect, the selectivity of the material towards its template could be evaluated using 
force spectroscopy measurements.
2 0 2
4.4 References
1. Ito, S.; Aoki, H. Polymer Analysis - Polymer Tjeory and Advances in Polymer 
Science 2006,182,131-69.
2. Paddock, S. W. Biotechniques 1999,27, 992.
3. Gao, S.; Wang, W.; Wang, B. Bioorganic Chemistry 2001,29, 308-20.
4. Tong, A.; Dong, H.; Li, L. Analytica Chimica Acta 2002,466, 31-37.
5. Wandelt, B.; Mielniczak, A.; Turkewitsch, P.; Wysocki, S. Journal of Luminescence 
2003, 702,774-81.
6. Rathbone, D. L.; Ge, Y. Analytica Chimica Acta 2001,435,129-36.
7. Rathbone, D. L.; Su, D. Q.; Wang, Y. F.;, Billington, D. C. Tetrahedron Letters 
2000, 123-26.
8. Lulka, M. F ; Iqbal, S. S.; Chambers, J. P.; Valdes, E. R.; Thompson, R. G.; Goode, 
M. T.; Valdes, J. J. Materials Science & Engineering C 2000,11 ,101-05.
9. Suarez-Rodriguez, J-L.; Diaz-Garcia, M-E. Analytica Chimica Acta 2000, 405, 67- 
76.
10. Charles, P. T.; Goldman, E. R.; Rangasammy, J. G.; Schauer, C. L.; Chen, M. S.; 
Taitt, C. R. Biosensors & Bioelectronics 2004,20, 753-64.
11. Crompton, K. E.; Prankerd, R. J.; Paganin, D. M.; Scott, T. F ; Home, M. K.; 
Finkelstein, D. I.; Gross, K. A.; Forsythe, J. S. Biophysical Chemistry 2005, 117, 
47-53.
12. Gunnlaugsson, T.; McCoy, C. P.; Stomeo, F. Tetrahedron Letters 2004, 45, 8403- 
07.
13. Gueskens, G.; Soukrati, A. European Polymer Journal 2000,36, 1537-46.
14. Matsumura, Y.; Iwai, K. Polymer 2005,46, 10027-34.
15. Hawkins, D. M.; Stevenson, D.; Reddy, S. M. Analytica Chimica Acta 2005, 542, 
61-65.
16. Guo, T. Y.; Xia, Y. Q.; Hao, G. J.; Song, M. D.; Zhang, B. H. Biomaterials 2004, 
25, 5905-12.
17. Guo, T. Y.; Xia, Y. Q.; Hao, G. J.; Zhang, B. H.; Fu, G. Q.; Yuan, Z.; He, B. L.; 
Kennedy, J. F. Carbohydrate Polymers 2005,62, 214-21.
18. Guo, T. Y.; Xia, Y. Q.; Wang, J.; Song, M. D.; Zhang, B. H. Biomaterials 2005, 26, 
5737-45.
203
19. Hjerten, S.; Liao, J. L.; Nakazota, K.; Wang, W.; Zamaratskaia, G.; Zhang, H. X. 
Chromatographia 1997,44, 227-34.
20. Liao, J. L.; Wang, Y.; Hjerten, S. Chromatographia 1996,42, 259-62.
21. Tong, D.; Hetenyi, C.; Bikadi, Z.; Gao, J. P.; Hjerten, S. Chromatographia 2001, 
54,7-14.
22. Ramwani, J., Roberts, P., Bibby, E., and Bautista, D. Application Note: Efficient 
removal of SDS from protein solutions. MDS Sciex . 2004.
23. Silva, M. M.; Rogers, P. H.; Amone, A. Journal o f Biological Chemistry 1992, 267, 
17248-56.
24. Zhang, Z. H.; Liu, Y. J.; Long, Y. M.; Nie, L. H.; Yao, S. Z. Analytical Sciences 
2004,20, 291-95.
25. Carter, S. R.; Rimmer, S. Advanced Functional Materials 2004,14, 553-61.
26. Zhang, Z. H.; Long, Y. M.; Liu, Y. J.; Yao, S. Z. Instrumentation Science and 
Technology 2004,32, 507-18.
27. Ruckert, B.; Kolb, U. Micron 2006,36, 247-60.
28. Hu, Y; Chen, W.; Chen, J.; Zhang, Z. Materials Letters 2003,57,1312-16.
29. Hu, Y; Chen, W.; Chen, J.; Ning, J. Materials Letters 2003,58, 2911-13.
30. Suzuki, M.; Yumoto, M.; Shirai, H.; Hanabusa, K. Organic and Biomolecular 
Chemistry 2005,3, 3073-78.
31. Matzelle, T. R.; Ivanov, D. A.; Landwehr, D.; Heinrich, L. A.; Herkt-Bruns, C.; 
Reichelt, R.; Kruse, N. Journal o f Physical Chemistry B 20Q2, 7(96, 2861-66.
32. Zhang, J.; Peppas, N. A. Journal of Biomaterials Science-Polymer Edition 2002,13, 
511-25.
33. Hou, S.; Xu, Q.; Tian, W.; Cui, F.; Cai, Q.; Ma, J.; Lee, I-S. Journal of 
Neuroscience Methods 2005,148, 60-70.
34. Glauert, A. M.; Lewis, P. R. Biological Specimen Preparation for Transmission 
Electron Microscopy, Princeton University Press: 1999.
35. Giberson, R. T.; Demaree Jr, R. S. Microwave Techniques and Protocols, Humana 
Press: 2001.
36. Nation, J. L. Stain Technology 1983,58, 347-51.
37. Hoppert, M.; Holzenburg, A. Electron microscopy in microbiology. Bios Scientific 
Publishers Ltd.: 1998.
38. Liu, Y. Z.; Leuba, S. H.; Lindsay, S. M. Langmuir 1999, 75, 8547-48.
204
39. Hinterdorfer, P. Handbook of Nanotechnology, Springer Verlag: Heidelberg, 2004.
40. Sun, Z.; Martinez-Lemus, L. A.; Trzeciakowski, J. P.; Davis, G. E.; Pohl, U.; 
Meininger, G. A. American Journal o f Physiology - Heart and Circulatory 
Physiology im S , 289, m526-m 535.
41. Trache, A.; Meininger, G. A. Journal of Biomedical Optics 2005, 10, Art. No. 
064023.
42. Johnson, W. T.; Kada, G.; Stroh, €.; Gruber, H.; Wang, H.; Kienberger, F.; Ebner, 
A.; Lindsay, S. M.; Hinterdorfer, P. Technological Proceedings o f the 2005 NSTl 
Nanotechnology Conference and Trade Show 2005,679-82.
43. Chothia, C.; Janin, J. Nature 1975,256,705-08.
205
CHAPTER 5
DUAL POLARISATION INTERFEROMETRY
5.1 Introduction
The experimental work performed so far offers eompelling evidenee that a suceessful 
aqueous phase moleeular imprinting strategy has been developed. The production of the 
material has been optimised, the imprinting effect characterised, specificity and 
selectivity to the template molecule demonstrated, and the material has been imaged using 
three gold-standard techniques. A further aim this study was to incorporate the hydrogel 
based moleeularly imprinted polymer as the selective recognition element of a biosensor 
strategy.
The AnaXzg/z^®Bio200 instrument (Farfield), and the dual polarisation interferometry 
(DPI) principles upon which it is based% offers itself as a highly sensitive analytical 
technique for the study of protein behaviour by optically interrogating protein interactions 
in real time providing information on the density, dimensionality and orientation of 
proteins bound upon the surface of the optical sensor^’"^.
The HydroMIP materials could theoretically be interrogated in two ways using the 
Farfield device. Firstly, the protein specific HydroMIPs could be immobilised on the 
sensor surface, with the selectivity and clinical utility of the material towards the template 
protein assessed by injecting the protein across the sensor surface. Binding events that 
occur between the imprinted cavities of the immobilised hydrogel on the sensor surface 
and the template molecule present in mobile phase would result in a detectable change in 
signal in the far-field, which in turn would be characteristic of predictable traits of the 
materials (such as the presence of protein specific cavities). This first approach would 
enable the binding within a cavity and non-specific binding on top of the layer of 
deposited protein to be discriminated by an increase in refractive index (RI) and thickness 
respectively. The second approach would be to immobilise the template protein by 
physisorption on the sensor surface, and inject the hydrogel samples across the deposited 
protein layer upon the sensor surface. The HydroMIP samples containing the unoccupied
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imprinted cavities would theoretically strip immobilised protein off the sensor surface, 
resulting in quantifiable changes in protein density and dimension.
The first approach is representative of a traditional biosensing strategy, with the selective 
recognition element immobilised on the sensor surface and binding events occurring at 
the surface resulting in a quantifiable effect. This is an area of much interest and warrants 
further study. However, the experimental stages (and optimisation) that would be 
necessary to produce the thin film upon the sensor surface would fall outside the scope of 
this thesis. The second approach is therefore much more attractive. The Farfield device 
has been designed and manufactured for the real time measurement of film thickness and 
density of layers of biological material upon the sensor, and offers a film thickness 
resolution of 0.1 A and excess/surface coverage of less than Ipg/mm^. Therefore, by 
injecting the hydrogels across the sensor surface and assessing the effects this has upon a 
deposited protein layer, not only can this further provide a rapid method for the 
characterisation and quantification of the imprinting effect exhibited by the material, but 
also verify the potential worth of the DPI analysis technique.
BHb specific HydroMIP samples were assessed using the DPI-based Farfield instrument. 
BHb was deposited upon the sensor surface, and the effect that the HydroMIP (and 
HydroNIP) samples had upon the thickness, mass and density of the protein layer was 
evaluated. Appropriate control experiments were carried out in all cases.
5.2 Materials and Methods
5.2.1 M aterials
Unmodified silicon oxynitride sensor chips were purchased from Farfield Sensors 
(Crewe, UK) and a programmable syringe pump (PHD 2000) was purchased from 
Harvard Apparatus (Holliston, MA, USA). Plastic syringes (1ml & 5ml with Leur Lock 
fittings) were purchased from Becton Dickinson UK Ltd (Oxford, UK) and all other 
materials were as previously described.
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5.2.2 M ethods
5.2.2.1 Solution Preparation
A 0.3mg/ml stock solution of BHb in RO water was prepared, as were SDS solutions to 
give final percentages of 10%, 5%, 2%, 0.5%, 0.1% and 0.05% (w/v). An RO water 
stock solution was degassed under vacuum (and stirring) for lOmins, as was an 80% 
(w/w) solution of ethanol (EtOH) in degassed RO water.
5.2.2.2 Hydrogel production and dilution
BHb-HydroMIPs and HydroNIP controls were prepared as previously described (section 
2.3) to give HydroMIPs in three differing forms (MIP 1-3) as detailed in section 4.2.1.4).
5.2.2.3 AnaL/g/i^®Bio200 Set-up
All DPI experiments were performed on the Farfield AnaL/g/i/®Bio200 instrument, 
which had been installed and internally calibrated by the manufacturer. Each experiment 
was carried out upon an unmodified silicon oxynitride sensor chip and controlled, 
monitored and evaluated using the manufacturers AnaZigAr® Bio200 software (version 
2.1.12/inject application version 1.0.1). Prior to each experiment, RO water running 
buffer and 80% (w/w) EtOH was degassed as described. The DPI instrument and 
software was switched on and allowed to equilibrate for approximately lOmins. A 50ml 
syringe was filled with the degassed running buffer, and fitted into the syringe pump with 
a maximal flow volume control set at 45mls. The Farfield fluidic system was attached to 
the buffer syringe, the flow rate set at 200pl/min, and flow started (initially directed to 
waste) to eliminate any air bubbles from the fluidic piping immediately associated to the 
buffer reservoir. The flow of buffer was then directed across the sensor to clear air from 
the entire fluidic system. Clearance of air was detectable by eye (air bubbles emanating 
from the piping of the sensor manifold), and by large changes in phase (as observed on 
the experimental software). A 1ml syringe was filled with air and loaded into the 
injection loop. The air was injected over both experimental channels causing large bulk 
changes in phase. The flow was suspended, the chip removed and replaced with a new 
one before re-inserting into the instrument. A new sensor chip was inserted into the
208
instrument for eaeh experiment, with the “old” ehip stored in the instrument following its 
previous use. The flow was started once again, with changes in the bulk phase indicating 
the clearance of residual air from the system. The flow rate was changed to lOOpl/min 
(50pl/min per channel) to set the experimental fringes. Degassed EtOH was loaded and 
injected across both channels in duplicate to wash the new sensor chip before switching 
back to buffer and waiting for the fringes to stabilise (approximately 45seconds). The 
automated fringe selection function was employed to select the fringe positions, with 
good amplitude and agreement being the key factors governing fringe choice. The fringe 
settings were saved, and subsequent experiment conducted. Prior to eaeh experiment, the 
sensor chip was calibrated by performing a routine EtOH injection. The injection loop 
was filled with EtOH and injected across the experimental channels being used at 
lOOpl/min initially (3mins) before being changed to 15pl/min per channel (30pl/min if 
both channels were used). The injection was allowed to run completely through to buffer 
(rather than abruptly stopping the injection) over a period of approximately 20mins.
5.2.2.4 DPI - BHb Physisorption Studies
The DPI system was set up and calibrated as described. A 0.3mg/ml BHb solution was 
loaded into the injection loop, and injected across both experimental channels at a flow 
rate of 50pl/min for approximately six minutes. The flow was switched back to the 
buffer, and the sensor ehip recycled by injecting EtOH in duplicate followed by 2% SDS 
at lOOpl/min.
S.2.2.5 DPI - Hydrogel dilution assessment
The DPI system was set up and calibrated as described, and non-imprinted HydroNIP 
control gels were diluted 1:10 and 1:15 as described. The 1:15 dilution was loaded into 
the injection loop and injected across the sensor surface at 50pl/min for approximately six 
minutes, followed by an EtOH injection each time at lOOpl/min. Following the three 1:15 
dilution HydroNIP injections, two 1:10 dilutions of HydroNIP were injected in an 
identical fashion, followed once again by EtOH. Upon conclusion of the experiment, the 
sensor chip was recycled by injecting 2% SDS at lOOpl/min.
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S.2.2.6 DPI - SDS Control Experiment
The DPI system was set up and calibrated as described. Injections at lOOpl/min of 10%, 
5%, 2%, 0.5%, 0.1% and 0.05% (w/v) of SDS were individually made, with an EtOH 
injection at lOOpl/min made in between each SDS injection. Upon conclusion of the 
experiment, the sensor ehip was recycled by injecting 2% SDS at lOOpl/min.
5.22 .1  DPI - HydroMIP and HydroNIP Control Experiment
The DPI system was set up and calibrated as described and HydroMIP samples in all 
forms, as well as HydroNIP controls were diluted to 1:15 as described. Eaeh gel was 
loaded and injected across the sensor surface at 50pl/min, with each injection followed by 
two EtOH injections at lOOpl/min. Following the injection of the MIP 1 and MIP 3 
samples, a 2% SDS solution was injected at lOOpl/min, acting to recycle the sensor 
surface in both eases.
S.2.2.8 Interrogation of HydroMIP Imprinting Effect
The DPI system was set up and calibrated as described, and a 0.3mg/ml BHb solution was 
loaded and injected as before. Approximately five minutes after the end of the BHb 
injection, a 1:15 dilution of the HydroNIP control w*as injected in duplicate as previously 
described. Two EtOH injections and a 2% SDS injection were then performed at 
lOOpl/min to recycle the sensor chip. This cycle (BHb; hydrogel sample x 2; EtOH x 2 
and 2% SDS) was repeated in an identical fashion for the remaining gel samples (MIP 1, 
MIP 2 & MIP 3).
S.2.2.9 DPI -  Data Analysis
All experimental analysis was performed in the first instance using the AnaTzg/z/®Bio200 
software. In each experiment (where applicable), layer tables were constructed which in 
turn allowed the quantification of specific binding and analysis events in terms of changes 
in thickness, RI, layer density and mass of the deposited layers upon the sensor surface. 
All data was exported into Microsoft Excel, which was employed to produce graphical 
representations of the raw data obtained.
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5.3 Results and Discussion
Integral to the analysis of this section of work is a clear understanding of the differing 
forms of HydroMIPs that have been assessed using the Farfield sensor. By depositing 
and quantifying the mass, density and thickness of a layer of BHb upon the sensor 
surface, the effects of the BHb specific, cavity containing HydroMIP (MIP 2) can be 
calculated to a high degree of accuracy. However, to complement the findings, good 
control experiments must also be performed. In effect, three control experiments have 
been conducted. By assessing the effect that a HydroNIP has upon the deposited protein 
layer, it can be ascertained whether any effects exhibited by the HydroMIP are due to the 
presence of cavities, or an effect that is exhibited by the control gel and is a trait of the 
material rather than a specialised effect. Additionally, the samples termed MIP 1 & MIP 
3 contain BHb spécifié moleeularly imprinted cavities that are occupied with the template 
molecule (before template removal and after template rebinding). By assessing the role 
and effect that these samples have upon the deposited protein layer, it will be possible to 
theoretically elucidate much information about the nature of the HydroMIP material and 
characterise any imprinting effect exhibited by the MIP 2 HydroMIP sample.
5.3.1 Control Experiments
Figure 5.1 shows the change in phase angle in response to the injection of a 0.3mg/ml 
BHb solution over a period of approximately 500 seconds. The phase angle increases 
rapidly at first over the first minute, before a plateau begins to form from point A. A 
maximum phase is reached at point B which coincides with the end of the sample 
injection (and return to miming buffer), and it can be seen that a sharp decrease in the 
phase subsequently occurs, decreasing to form a plateau as indicated by C on the figure. 
Point C relates to the new baseline and change in phase associated with the deposited 
protein upon the sensor surface.
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Figure 5.1 Observed changes in DPI phase parameters as a result of BHh 
physisorption upon the sensor surface.
Figure 5.2 shows the changes in thickness, mass and density observed in relation to the 
changes in phase angle depicted in Figure 5.1. As expected, both the thickness and mass 
of the deposited protein layer increases rapidly at first as more protein physisorbs upon 
the sensor surface. In an almost identical fashion to the changes in phase exhibited, a 
plateau forms, and both thickness and mass decrease upon cessation of the injection, 
forming a new baseline that reflects the residual BHb that has bound to the sensor surface. 
It is probable that the sensor surface became saturated, explaining why a plateau is 
formed as demonstrated by the thickness, mass and phase angle. Upon the flow switching 
from BHb back to the running buffer, BHb is clearly removed from the sensor surface. It 
is probable that this was caused by the formation a bi-layer of protein as a result of the 
relatively high concentration of protein deposited upon the sensor surface^. The protein- 
protein association is of a low affinity, and following protein injection and return to the 
running buffer (which was at an increased flow rate than that of the protein injection), the 
buffer removed protein that was bound in an inefficient manner and the bi-layer was 
reduced to a monolayer.
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Figure 5.2 Changes in thickness, mass and layer density following the deposition 
of BHb upon the sensor surface.
The changes in the density of the deposited protein layer confirm that a saturation point 
was reached and strongly suggests that this occurrence was due to the manner in which 
the protein molecules were orientated and bound upon the sensor surface^’^ . It can be 
seen that the density of the deposited layer plateaus with the continual agglomeration of 
protein upon the surface. As the injection ends and the flow switches to buffer, the 
density of the deposited layer dramatically increases, at the same time as protein is 
removed from the surface (as indicated by the changes in thickness and mass).
When the BHb molecules are removed, the remaining protein is allowed to associate 
more strongly with the sensor surface, as there is more physical space for the proteins to 
orient themselves, allowing physisorption to occur to a greater degree^. Physisorption (or 
physical adsorption) is adsorption in which the forces involved are intermolecular in 
nature (van der Waals forces)^. Therefore the increase in the spatial association that 
occurs between the protein molecules and the sensor surface, results in a more densely 
bound protein layer due to the ability of the protein molecule to form hydrogen bonds
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with the sensor surface^. This is schematically represented in Figure 5.3, where an 
increase in layer thickness occurs in parallel to a decrease in layer density.
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Figure 5.3 Schematic representation of the physisorption of proteins upon an 
unmodified sensor surface, and the resulting changes in layer thickness and density 
as a result of continual protein agglomeration.
Hydrogen bonding could occur between the sensor surface and the protein molecule in a 
number of ways. Most notably, this would occur between the protein molecule and the 
hydroxylated sensor surface. It is also appropriate to assume that a certain degree of 
hydrophobic interactions would occur as a result of the hydrophilic nature of the sensor 
surface. However, the hydrophobic interactions would be dependant upon how clean the 
sensor surface is, as any organic contamination would almost certainly increase the 
degree of interaction.
Table 5.1 quantifies the effects depicted in Figures 5.1 & 5.2. The mass of the deposited 
protein layer decreases from 3.04ng/mm to 1.99ng/mm upon switching from BHb 
injection to buffer. This is mirrored by the thickness of the layer, which decreases from 
6.25nm^ to 2.73nm^ where in contrast, the density of the protein layer increases from 
0.49g/cm^ to 0.73g/cm^.
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Layer Name RI Thickness (nm) Mass (ng/mm^) Density (g/cm=)
1 EtOH Calib 1.52 988.45 0 0
2 Max BHb Physisorption 1.42 6.25 3.04 0.49
3 Residual BHb Layer 1.47 2.73 1.99 0.73
Table 5.1 The quantified changes in thickness, mass and density of deposited 
BHb layer upon the sensor surface.
In order to perform the experiment in the desired manner, is was necessary to establish to 
what extent the hydrogel samples must be diluted in order for them to pass through the 
fluidics system of the Farfield device. All gels were granulated to 75pm (as described in 
section 2.3.1.1), and the internal diameter of the tubing in which fluid flow passes in the 
instrument, was 250pm in all cases. This suggests that the gel particulate is granulated to 
a sufficient extent and that flow through the system would occur. However, the hydrogels 
are incredibly viscous and dilution must be performed in order for the gel solutions to be 
dilute enough for flow to occur. Initial experimentation showed that flow would not be 
possible at dilutions of 1:2 through to 1:8 as the samples were too “sticky” and irregular, 
and clogging of the fluid channels would have been inevitable. A dilution of 1:10 
appeared considerably less viscous, suggesting that dilutions of 1:10 and 1:15 may be 
appropriate for the injection of HydroMIP and HydroNIP samples across the sensor 
surface. -
Figure 5.4 shows the observed change in phase angle that occurred as a result of the 
injection of HydroNIP samples at dilutions of 1:10 and 1:15. It is evident that no 
significant change in phase was observed at either dilution, and there was no indication of 
the deposition of gel upon the sensor surface (as characterised by changes in mass, 
thickness or density -  data not shown). The data scale shown allows the detailing of the 
reproducibility of the experiment (in terms of the EtOH injections employed to recycle 
the sensor chip) but this in turn does not allow the visualisation of more discreet changes 
in phase as a result of the injections of gel.
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Figure 5.4 Effect of the injection of differing HydroNIP dilutions upon the 
observed changes in DPI phase parameters - I.
Figure 5.5 is identical to that of Figure 5.4, but on a different scale that allows the true 
changes in phase to be observed. Both dilutions of HydroNIP had little effect upon 
changes in the phase angle, but it is clear to see that the 1:10 dilutions produced 
considerably more “noise”. This is likely to be because of the denser, more viscous 
solution passing across the sensor surface (compared to that of 1:15 dilution). The gel 
particles would induce the partial blocking of the tubing (on a very small scale), which 
would in turn be cleared as a result of an increase in the pressure of the running buffer. 
On this scale, the resulting effects would manifest themselves as small fluctuations in the 
phase, and in turn interpreted as noise. The use of SDS at a concentration of 2% (w/v) is 
advised by the manufacturer as the best method of removing any non-specifically bound 
material from the sensor surface .^ It can be seen that a slight rise in the baseline is 
evident following the multiple injections of the hydrogels, but the sensor surface is 
recycled with the residual gel being removed following the SDS injection.
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Figure 5.5 Effect of the injection of differing HydroNIP dilutions upon the 
observed changes in DPI phase parameters -  II.
Figures 5.4 & 5.5 show the effect that the non-imprinted control gels have upon the 
sensor surface and suggest that the HydroNIP makes little contribution to either the 
change in the phase angle or non-specific binding of control gel to the sensor surface. 
However, this may not be true of all of the gels, as it is important to ascertain whether 
MIPs 1-3 contribute to significant changes in the sensor surface.
Figure 5.6 shows an overview of the effect of injecting each of the HydroMIP and 
HydroNIP samples across the sensor surface at a dilution factor of 1:15. It can be seen 
that following the initial EtOH calibrations four injections of hydrogel were made (A-D) 
followed by EtOH injections to cleanse the sensor surface, and 2% SDS injections where 
necessary (following the injection of MIP 1 & 3).
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Figure 5.6 Overview of gel control experiment -  Changes in phase angle as a 
result of the injection of HydroNIP (A), MIP 1 (B), MIP 2 (C), MIP 3 (D) and 2% 
SDS (1 & 2) solutions.
Figure 5.7 shows the changes to the phase angle and the contribution to the deposition of 
material upon the sensor surface (quantified in terms of layer thickness and mass) as a 
result of injecting a HydroNIP control gel across the sensor surface at a dilution of 1:15. 
As would be expected the TM and TE polarisations correlate closely and display marginal 
fluctuations due to noise, as previously seen (Figure 5.5). A change in thickness of 
between approximately 0.1-0.3nm (ignoring large spikes due to noise) also occurs in 
response to the injection of the HydroNIP, as do slight changes in mass but neither appear 
to be permanent as upon cessation of the injection, the changes in phase, thickness and 
deposited mass return to values similar to those observed immediately prior to injection of 
the gel sample. It is important to stress the value of this control experiment. By 
introducing the HydroNIP samples to the fluidic system, flowing them across the sensor 
surface and receiving interpretable data as a result, strongly suggests that it is indeed 
possible to interrogate the HydroMIPs in the manner in which we have proposed.
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Figure 5.7 Effect of HydroNIP injections upon the phase angle and resulting 
deposition of material upon the sensor surface.
Table 5.2 quantifies the effects displayed in Figure 5.7. A residual mass of 0.08ng/mm^ 
and layer thickness of 0.4nm remains upon reverting from injection of the HydroNIP to 
the running buffer. This represents the non-specific binding of the hydrogel to the sensor 
surface and although it is technically a source of error, it is not a significant contribution 
to changes in either parameter.
Layer Name RI Th / nm Mass (ng/mm^)
1 EtOH Calib 1.52 1001.34 0
2 NIP Injection 1.37 0.39 0.08
Table 5.2 The quantified thickness and mass of the deposited layer obtained as a 
result of the injection of HydroNIP control gel.
One of the many benefits of the Farfield instrument lies in the manner in which data 
analysis is performed. Constructing layer tables that are relevant to specific binding 
events (such as the degree of non-specific binding observed in this case) generates
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experimental values that can greatly aid the subsequent explanation of the experimental 
results.
Figure 5.8 shows the changes to the phase angle and the contribution to the deposition of 
material upon the sensor surface (quantified in terms of layer thickness and mass) as a 
result of injecting a MIP 1 HydroMIP control gel across the sensor surface at a dilution of 
1:15. From the injection point, a steady increase in the phase angle is observed, which is 
mirrored by an increase in both thickness and mass of a deposited layer upon the sensor 
surface. Upon termination of the injection, stable baselines are observed in all cases that 
are considerably higher than those originally observed pre-injection.
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Figure 5.8 Effect of MIP 1 HydroMIP 1 injections upon the phase angle and 
resulting changes in thickness and mass of deposited layer upon sensor surface.
The MIP 1 gel sample has not undergone template removal and is representative of the 
BHb specific HydroMIP in its natural form with protein occupying the imprinted cavities. 
When granulation is performed, the imprinted proteins become exposed as the polymer 
matrix within which they are entrapped is disrupted. As a result, the proteins are partially 
exposed and theoretically capable of binding with molecules or surfaces with which they
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corne in contact. It is unlikely that these binding events can be attributed to free protein, 
as the gels were washed rigorously with RO water following granulation to prevent such 
an event. It is possible however that the observed binding events, that are similar to those 
observed with BHb binding to the sensor surface (Figure 5.1), can be attributed to 
partially exposed protein (within the imprinted polymer) binding to the sensor surface. 
When the protein binds to the sensor surface, the gel matrix upon which it is attached 
becomes free of the protein, and leaves it deposited upon the sensor surface. The crude 
method of granulation could result in some protein particles being entrapped within the 
imprinted sites to a lesser degree than others, which become detached from the gel matrix 
upon contact and binding with the sensor surface. This is supported by the quantification 
of protein deposition as shown in Table 5.3.
Layer Name RI Th / nm
Mass
(ng/mm=)
1 EtOH 1.52 1000.97 0
2 MIP 1 injection 1.44 1.98 1.15
3 EtOH 1.45 1.40 0.89
4 2% SDS 1.43 0.56 0.29
Table 5.3 The quantified changes in thickness and mass of the deposited layer as 
a result of the injection of MIP 1 HydroMIP sample.
It is knovm that free protein results in a mass and thickness of approximately 1.98ng/mm^ 
and 2.73nm respectively binding upon the sensor surface (Table 5.1). The values in this 
instance are 1.15ng/mm^ and 1.98nm -  significantly lower than those observed for the 
binding of free protein. It is also possible that the gel itself makes a significant 
contribution to the increase in thickness and mass. Table 5.2 indicates that a HydroNIP 
control gel (which is identical to all HydroMIP samples with the absence of protein) 
contributes a mass and thickness of 0.08ng/mm^ and 0.4nm respectively, which is 
negligible. However, the tethering of imprinted particles to the sensor surface via the 
protein molecule is plausible, and is discussed in greater detail at a later point in this 
discussion.
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Following the EtOH washes employed to cleanse the sensor surface, it can be seen that a 
deposited layer with a thickness of 1.4nm and mass of 0.89ng/mm^ remains upon the 
sensor surface. The deposited layer may influence subsequent binding events that occur 
following an injection of the MIP 1 sample. Therefore, SDS was employed in an attempt 
to recycle the surface, upon which the thickness and mass values decreased significantly 
to 0.56nm and 0.2908ng/mm^ respectively. It can be assumed at this point, that any 
material that is bound upon the layer is orientated in a manner in which it is unlikely to 
influence subsequent binding events, but must still be taken into account when subsequent 
calculations are made.
Figure 5.9 shows the changes to the phase angle and the contribution to the deposition of 
material upon the sensor surface (quantified in terms of layer thickness and mass) 
following the injection of a MIP 2 HydroMIP control gel across the sensor surface at a 
dilution of 1:15. From the injection point, a steady increase in phase, mass and thickness 
occurs with a plateau forming towards the end of the injection. Upon cessation of the 
injection, a clear and immediate drop in all traces occurs.
The MIP 2 sample has been treated to remove the template protein from within the 
imprinted cavities that it possesses. It has been shovm that the AcOH/SDS dénaturant 
used, removes the BHb template in a highly effective manner, but is not 100% effective, 
with a small degree of BHb remaining within the polymer matrix^. When considering 
this, it is appropriate to conclude that the binding traits observed could be attributed to 
either the partially exposed residual protein (occurring in much the same way that protein 
was deposited upon the sensor surface with the MIP 1 sample) or the tethering of gel 
particles to the sensor surface.
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Figure 5.9 Effect of MIP 2 HydroMIP injections upon the phase angle, and 
resulting changes in thickness and mass of the deposited layer upon the sensor 
surface.
It is however important to note that immediately after the termination of the injection, 
sharp decreases in all components (phase, mass and thickness) were observed with no 
apparent residual protein present (with no rise in the residual baseline observed). Also, 
although a distinctive binding curve is apparent, it should be noted that the measured 
parameters for MIP 2 are approximately 1/10^  ^the size of those observed for MIP 1 and 
an indication of the differing protein contents of the samples.
Figure 5.10 shows the changes to the phase angle and the contribution to the deposition of 
material upon the sensor surface (quantified in terms of layer thickness and mass) 
following the injection of a MIP 3 HydroMIP control gel across the sensor surface at a 
dilution of 1:15. The samples termed MIP 1 and MIP 3 are similar in nature, as both 
represent the HydroMIP in a form where the imprinted cavities are occupied with the 
native protein. As a result, the changes in phase angle and therefore thickness and mass 
for MIP 3 closely mirror those obtained for the MIP 1 sample (Figure 5.8).
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Figure 5.10 Effect of MIP 3 HydroMIP injections upon the phase angle, and 
resulting changes in thickness and mass of the deposited layer upon the sensor 
surface.
A rapid rise in phase, thickness and mass of the deposited layer occurs upon injection, 
with a residual layer remaining following termination of the injection. Table 5.4 
quantifies these observed effects.
Layer Name RI Th / nm Mass (ng/mm^)
1 EtOH Calib 1.52 1000.94 0
2 MIP 3 Injection 1.44 2.17 1.25
3 EtOH 1.43 1.13 0.57
4 2% SDS 1.43 0.56 0.29
Table 5.4 The quantified changes in thickness and mass of the deposited layer as 
a result of the injection of MIP 3 HydroMIP sample.
The thickness and mass values generated for MIP’s 1&3 correlate closely with thickness 
values of 1.98nm and 2.17nm, and mass values of 1.14ng/mm^ and 1.25ng/mm^
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respectively. The use of EtOH to recycle the chip also produced highly similar results, 
and in both cases, SDS was necessary and effective in stripping the majority of the 
deposited material from the sensor surface.
This control experiment and the data gathered is of great importance not only to the 
interpretation of results in future experiments (when the gels are introduced to a protein 
layer upon the sensor surface) but to the understanding of the material that we have 
produced and are attempting to apply to the optical sensor. We have shown, using the 
DPI technology, evidence to suggest that the HydroMIP does indeed rebind the template 
molecule, as the data generated indicates that the MIP 1 & MIP 3 samples are very similar 
in nature, in terms of exhibited effects upon the sensor surface. In contrast, the MIP 2 
sample that is largely free of the template protein, behaved in an explainable but 
contrasting manner.
It is important to be able to recycle the sensor surface in a predictable and reproducible 
manner. If the latter were not possible, the majority of experimental work would become 
time consuming and expensive as new sensor chips would have to be used for each subtle 
experimental variation. This is not the case, as SDS injections have been shown to be an 
effective means of removing residual protein material from the sensor surface. The 2% 
SDS solution (which is at a concentration above the CMC of the molecule) acts to 
denature the residual protein in a manner that significantly disrupts the hydrogen bonding 
that is not only maintaining the structure of the protein, but is also forming the interfacial 
bonding between the protein and the sensor surface and strips the protein from the sensor 
surface as a result. It can be assumed that the protein that still remains on the sensor has 
also been denatured by the SDS solution, and is orientated in a linear manner (rather than 
its natural globular form) and although not covalently bound, the high degree of non- 
covalent interactions that occur between the protein and the sensor surface, result in a 
layer that is irreversibly immobilised and will make little, if any key contributions to 
subsequent binding events.
Figure 5.11 shows the sequential injection of 10%, 5%, 2%, 0.5%, 0.1% and 0.05% SDS 
(w/v) across the sensor surface. This control experiment was performed to establish that 
SDS itself does not contribute to the deposition of a residual layer upon the sensor when 
attempting to recycle the sensor chip. It can be seen that at all concentrations, a change in
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phase angle occurs in a response to the injection of the solutions, with no rise in the 
baseline occurring post injection indicating no deposition of material.
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Figure 5.11 Effect of SDS concentration upon observed changes in DPI phase 
parameters.
5.3.2 DPI Interrogation of BHb specific HydroMIPs
The HydroMIP samples (and HydroNIP control) were interrogated using the Farfield DPI 
instrument. A 0.3mg/ml BHb solution was injected across the sensor surface resulting in 
a distinctive deposited protein layer remaining upon the sensor surface when flow is 
returned to buffer (as in Figure 5.1). A hydrogel sample was then flowed across the 
sensor surface (in duplicate) to determine the effect the gel had upon the deposited protein 
layer. Following the gel injections, the sensor surface was recycled to remove any 
residual material and BHb was again immobilised upon the surface. This was repeated 
for each hydrogel sample. Figure 5.12 shows an overview of the entire experiment 
performed.
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Figure 5.12 Experimental overview of DPI interrogation of HydroMIP samples, 
la-d represent protein binding curves obtained following the injection of 0.3mg/ml 
BHb in RO water at a flow rate of 50pl/min, with the relevant hydrogel injections 
indicated where relevant.
The AnaLz^/z/®Bio200 software allows extensive post-experimental analysis to be 
performed. As a result, having performed the experiment it was possible for it to be 
broken down into four individual experiments (in much the same way that the gel control 
experiments were performed) theoretically allowing subtle changes in observed effects to 
be characterised and quantified.
Figure 5.13 shows the changes in phase angle obtained as a result of injecting two 
HydroNIP control gel samples (1:15 dilution) across a deposited layer of BHb upon the 
sensor surface.
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Figure 5.13 Changes in phase angle as a result of the deposition of BHb upon the 
sensor surface followed by the injection of HydroNIP control gels.
A clear binding trend is observed with the deposition of BHb onto the sensor surface, 
with a residual layer of BHb evident following the end of the protein injection. It appears 
as if the duplicate HydroNIP injections have little effect upon the change in phase, other 
than producing marginal noise, as was observed in Figure 5.7. The evidence of noise is 
further supported by the fluctuations in temperature that can be observed in Figure 5.12. 
When a minor blockage occurs due a larger gel particle occluding the fluidics system, a 
build-up in pressure occurs as a result. This event manifests itself instrumentally as not 
only as fluctuations in phase angle as the blockage clears itself and the gel 
particle/particles flow across the sensor surface, but a spike in the experimental 
temperature.
Figure 5.14 shows the changes in thickness, mass and density of the deposited protein 
layer upon the sensor surface during protein deposition and following the injection of 
HydroNIP control gels.
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Figure 5.14 Changes in thickness, mass and density of deposited protein layer as a 
result of the injection of HydroNIP control gels.
As would be expected, both the mass and thickness rapidly increase as the protein 
injection progresses, forming a plateau upon saturation of the sensor surface before 
dropping rapidly upon cessation of the injection (and return to running buffer) to give a 
residual protein layer (indicated by the increased baseline values). The density of protein 
layer also behaves in an expected manner, increasing upon cessation of the protein 
injection as the protein becomes more densely bound to the surface due to a shift in the 
spatial orientation of the molecules upon the surface.
It is clear to see that other than minor fluctuations in the parameters displayed due to 
noise resulting from the flow of the gels across the surface, little change occurs due to the 
introduction of the HydroNIP samples. This is expected, as other than the random 
formation of cavities that demonstrate the appropriate dimensionality to accept the protein 
molecules, there is no theoretical reason why the control gel would strip protein from the 
sensor surface. It is known that a small degree of non-specific binding occurs between 
polyacrylamide gels and proteins, but not to the extent that protein would be stripped 
from the sensor surface. These observations are confirmed by the quantified values 
obtained from the experiment. Table 5.5 quantifies the changes in thickness, mass and
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layer density observed following the introduction of the HydroNIP controls to the protein 
rich sensor surface.
Layer Name RI Th 1 nm
Mass
(ng/mm=)
Density
(g/cm=)
1 EtOH Calib 1.52 988.43 0 0
2 BHb 1.47 2.74 1.99 0.73
3 NIP Injection 1 1.47 2.67 1.96 0.73
4 NIP Injection 2 1.47 2.87 2.05 0.72
Table 5.5 The quantified changes in thickness, mass and density of the deposited 
BHb layer as a result of the injection of HydroNIP control gel samples.
It can be seen that a BHb layer with a thickness of 2.74nm and a mass of 1.99ng/mm^ was 
immobilised upon the sensor surface following protein deposition. Following the 
injection of the first HydroNIP sample, there is small decrease in both thickness and mass 
of layer, which rises slightly following the second HydroNIP injection. The density of 
the protein layer fluctuates in a converse manner to the thickness and mass changes, but 
overall there is no significant stripping effect. The slight addition of mass and thickness 
is likely to occur indiscriminately, and as a result of noise originating from the 
inhomogeneous nature of the gel that in turn is likely to influence the deposited protein 
layer.
Figure 5.15 shows the changes in phase angle obtained as a result of injecting two MIP 1 
HydroMIP gel samples (1:15 dilution) across a deposited layer of BHb upon the sensor 
surface. A distinctive protein-binding curve is clearly observed with a residual baseline 
relating to deposited protein apparent following the cessation of the protein injection and 
return to running buffer.
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Figure 5.15 Changes in phase angle as a result of the deposition of BHb upon the 
sensor surface followed by the injection of MIP 1 HydroMIP gel samples.
As with the HydroNIP samples, when MIP 1 was injected across the sensor surface, there 
is little change in phase angle (other than noise) as a direct result of the gels passing 
across the sensor. It is likely that the noise fluctuations occur due to the differing 
composition and air content of the gels in relation to the running buffer. One of the key 
practical considerations when operating the Farfield instrument is to ensure that air is not 
introduced to the sensor surface. Therefore, extensive degassing of the running buffers 
and calibration solvents is performed. However, it is advised by the manufacturer that for 
certain experimental solutions such as protein samples, degassing should not be 
performed, as invariably, not only is air introduced to the system during the degassing 
stage, but there is a risk of altering the nature of the analyte by attempting to deoxygenate 
the solution. This was applicable protein, hydrogel and SDS injections.
Figure 5.16 shows the changes in thickness, mass and density of the deposited protein 
layer upon the sensor surface during protein deposition, and following the injection of 
MIP 1 HydroMIP samples.
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Figure 5.16 Changes in thickness, mass and density of deposited protein layer as a 
result of the injection of MIP 1 HydroMIP gel samples.
Protein deposition results in the predictable rises in thickness and mass of the protein 
layer. Injection of the MIP 1 gel samples have little effect upon any of the parameters 
graphically depicted other than contributing to noise as discussed. It is possible to 
propose that had the injections not produced the observed noise related effects, the 
baselines (that are apparent both before and after gel injections) would have married-up 
(particularly so with the thickness and mass values). The imprinted cavities within the 
MIP 1 sample are occupied with the native template protein, with very few, if any 
imprinted cavities exposed. As a result, association between the immobilised protein and 
imprinted cavities could not occur explaining why the MIP 1 gels had no effect upon 
removal of protein from the sensor surface.
Table 5.6 quantifies the effect the MIP 1 samples had upon the removal of protein from 
the sensor surface. Firstly, it can be seen that following the recycling of the sensor 
surface in the HydroNIP experiment (which directly preceded this experiment), a residual 
layer of material remained upon the sensor surface (of approximately 1.25nm thick with a 
mass of 0.98ng/mm^). This is a possible source of error but can be accounted for in the 
analysis of the data. The AnaL/g/z/®Bio200 software allows the quantification of
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differing experimental layers to be related to differing experimental points (or baselines). 
Table 5.6 shows that the first experimental layer is the EtOH calibration of the sensor 
chip. The residual BHb layer is calculated in relation to the chip, but all subsequent 
calculations are performed in relation to the residual BHb layer. This in effect means that 
all protein binding/stripping events are calculated “on-top” of the residual layer.
Layer Name User Ref Rl
Thickness / 
nm
Mass
(ng/mm^)
Density
(g/cm")
1 EtOH Calib Chip 1 1.52 988.41 0 0
2 Residual BHb Chip 1 1.48 1.25 0.98 0.79
3 BHb Residual BHb 1.44 4.32 2.39 0.55
4 MIP 1 Injection 1Residual BHb 1.44 4.42 2.46 0.56
5 MIP 1 Injection 2 Residual BHb 1.44 3.91 2.22 0.57
Table 5.6 The quantified changes in thickness, mass and density of the deposited 
BHb layer as a result of the injection of MIP 1 HydroMIP gel samples.
The binding trends observed for the HydroNIP and MIP 1 samples, as a result of the BHb 
deposition on the sensor surface, appear to differ considerably in appearance. Figure 5.13 
(HydroNIP experiment) details a distinct and sudden drop in phase angle immediately 
after the protein injection, resulting in a raised baseline relating to deposited protein. 
Figure 5.15, in contrast shows much less of a drop in phase angle following protein 
injection. It is possible that the residual protein layer influenced the orientation and 
manner of protein deposition upon the sensor surface. However, this is not a considerable 
issue as long as the individual residual layers can indeed be quantified independently of 
each other.
The injection of BHb across the sensor surface results in a layer 4.32nm thick with a mass 
of 2.39ng/mm^ being deposited upon the sensor surface. As would be expected, the 
density of the layer decreases, as a result of the irregular packing and agglomeration of 
protein molecules, to 0.55g/cm^. The initial MIP 1 sample injection contributes a small 
increase in both mass and thickness, with the second injection contributing to a small 
decrease. The density of the protein layer fluctuates slightly, but overall, the MIP 1
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sample has little effect, as would be expected, in the removal of BHb from the sensor 
surface.
Figure 5.17 shows the changes in phase angle obtained as a result of injecting two MIP 2 
HydroMIP gel samples (1:15 dilution) across a deposited layer of BHb upon the sensor 
surface. A distinctive protein-binding curve is clearly observed with a residual baseline 
relating to deposited protein apparent following the cessation of the protein injection.
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Figure 5.17 Changes in phase angle as a result of the deposition of BHb upon the 
sensor surface followed by the injection of MIP 2 HydroMIP gel samples.
Towards the end of the protein injection (approximately 7900 seconds), a sharp peak 
occurs. This is because the running buffer used is water, rather than (for example), a 
buffered PBS solution. As the BHb solution has its own internal buffering, it adsorbs 
under the pH/salt conditions within which it resides. However, upon switching to water, 
the shielding of surface charge offered by any salts/ions in the protein solution is 
removed. As a result, the protein sees a new surface that is significantly different (in a 
significantly different buffer) and physisorption occurs. This is not a permanent effect 
and is ultimately rinsed off to leave the protein layer that was deposited during the protein 
injection. It is also important to note, that the shape of the protein-binding curve differs
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considerably from initial control experiment observed in Figure 5.1, and the BHb binding 
stage of the HydroNIP interrogation (Figure 5.12). In both cases, a significant drop in the 
mass and thickness of deposited protein occurred following the end of the protein 
injection and return to running buffer, leaving a deposited layer that was representative of 
a protein monolayer, rather than a bilayer that was observed immediately prior to the 
cessation of injection.
This is not observed here (and in subsequent protein binding events). In each case, the 
same volume and concentration of protein (from the same stock solution) was injected 
across the surface at identical flow rates. As a result, one would not expect such a 
significant variation in the shape of the binding curve to occur. However, in all cases, it 
was noted that a residual layer of protein remained upon the sensor surface following the 
injection of a 2% SDS solution. In terms of evaluating the data, the residual protein layer 
did not affect the results as the thickness and mass that this layer contributed to any 
subsequent binding of protein was taken into account by resolving the binding events to 
appropriate reference layers in the layer tables. However, it appears as if the residual 
protein layer did contribute to the manner in which the protein bound to the surface. 
Effectively, protein was not binding to the unmodified sensor surface, as the residual 
layer of protein (although largely denatured by the SDS solution) was coating the sensor 
surface. This therefore suggests that the difference in shape of the BHb binding curve 
occurred as a result of BHb binding onto a monolayer of protein rather than an 
unmodified sensor surface. This effect has not previously been reported by any users of 
the Farfield device, and clearly warrants further investigation, but it must be stressed that 
although the nature in which protein binding occurred upon the sensor surface is not fully 
understood at this point, it is unlikely that this would have a significant bearing upon 
subsequent experimental findings.
As a direct result of injecting the MIP 2 samples across the sensor surface, significant 
variations in the phase angle of both polarisations and experimental channels occur. 
Immediately after the point of HydroMIP injection, a sharp rise in the phase occurs, 
which upon cessation of the injection, drops significantly to a level below that of the 
original pre-injection baseline. This occurs with both HydroMIP injections and initially 
suggests that protein is being removed from the sensor surface.
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Figure 5.18 shows the changes in thickness, mass and density of the deposited protein 
layer upon the sensor surface during protein deposition, followed by the injection of MIP 
2 HydroMIP samples. As reflected by the changes in phase angle shown in Figure 5.17 
and in contrast to the other gel samples investigated so far, the injection of the MIP 2 
sample across the sensor surface has a significant effect on the thickness, mass and 
density of the protein layer.
BHb Deposition
T 0.1
4.5 0.75
0.7
3.5 0.65
B) 2.5 0.55
0.5
0.45
MIP 2 
injection 1
MiP 2 
Injection 2
0.4
7500 8000 8500 9000 9500 10000 1100010500
Time (sec s)
 Thickness Mass  Layer Density
Figure 5.18 Changes in thickness, mass and density of deposited protein layer as a 
result of the injection of MIP 2 HydroMIP gel samples.
As previously observed, the deposition of BHb (in terms of thickness and mass) results in 
an immediate and distinctive (peaked) binding curve, followed by a flat plateau baseline 
that relates to the residually deposited protein layer. There are several interesting events 
occurring following the injection of the MIP 2 HydroMIP.
Immediately following the first injection of HydroMIP, there is a rapid increase in the 
density of the protein layer. This suggests that protein is being removed from the sensor 
surface, which is allows the remaining protein that has not been stripped to orientate itself 
upon the surface in a highly packed, densely ordered manner (in comparison to the 
relative disorder of the saturated protein layer). Upon returning to running buffer, the 
density drops slightly but once again increases when the second HydroMIP injection is
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performed. An identical effect occurs, resulting in a final baseline density value that is 
higher than that obtained following the first injection and considerably higher than the 
value obtained prior to both HydroMIP injections.
The suggestion that protein is removed from the sensor surface is supported by the values 
relating to the mass of the protein layer. Upon observing an increase in density, it would 
be common to observe a decrease in mass relating to protein molecules being removed 
from the sensor surface, which in turn would induce a increase in density. Following the 
injection of both HydroMIP samples, the mass upon the sensor surface rises sharply, 
before decreasing to give values lower than those observed prior to the injections. This 
strongly suggests that protein is indeed being removed from the sensor surface, but also 
suggests that the HydroMIPs are initially contributing to the protein layer.
When the hydrogels are granulated it is likely that there is variation in the size of the final 
gel product, despite the entire gel being granulated through a 75 pm sieve, with the gel 
sample comprising of molecularly imprinted gel particles of differing size. This variation 
in particulate size could cause the responses observed to occur in two completely different 
ways. If a small number of very large gel particles bind to the surface, the software 
resolves the data in a manner that reflects the increased RI of the area of the MIP/protein 
complex. This is portrayed as average thickness and mass values, which give the 
impression of many uniform binding events occurring, contributing in turn to the mass 
and thickness of the layer where in fact, the effects observed are the result of perhaps a 
single binding event that is averaged out across the entire sensing area. The other 
possibility is that the injected HydroMIP sample contains a number of very small gel 
particles that contain protein specific imprinted sites. When the HydroMIP flows across 
the sensor surface, it is possible that these small gel molecules tether to the immobilised 
protein (via non-covalent interactions between imprinted cavity and template protein), 
which in turn increases the mass upon the sensor surface before being removed, along 
with the protein, upon termination of the injection and a return to the flow of the buffer 
solution. Both possible explanations of the observed effects are schematically 
represented in Figure 5.19.
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Figure 5.19 Schematic representation of the possible contributions of large and 
small imprinted gel particles towards the bulk effects observed at the sensor surface.
It is more likely that the latter applies, with many smaller imprinted particles contributing 
to the effects observed. Although a massive number of non-covalent interactions occur to 
form the bonding between a imprinted site and the template molecule, which in turn 
makes the strength of interaction quite considerable, it is unlikely that a large gel 
molecule would be tethered to the sensor surface by the non-covalent interactions that 
govern molecular imprinting. It is far more likely that much small gel particles of 
considerably lesser mass would be tethered to the sensor surface, which in turn produce 
the increase in mass observed. It is important to note that this effect was only observed 
following the injection of the MIP 2 sample across a protein rich sensor surface. Similar 
trends were not observed to any extent following the injection of MIPs 1 & 3 or NIP, or 
any of the gels across the unmodified surface. This further supports the claim that it is the 
cavities that are known to be evident in MIP 2, that are responsible for inducing the 
protein removal effect.
It appears as this effect is mirrored by the thickness of layer values observed in Figure 
5.18. The removal of protein fi"om the sensor surface would ordinarily result in a 
decrease in layer thickness. The second HydroMIP injection shows a clear increase in 
layer thickness that relates to the tethering of imprinted gel particles upon the sensor
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surface. When the injection ends, the thickness of the BHb layer clearly decreases to a 
value that is lower than that observed immediately prior to the injection. On first 
appearances, this does not occur with the first HydroMIP injection. There is an 
immediate drop in the thickness followed by a plateau, and then a further drop in 
thickness as the injection ends. It is probable that the initial stripping of the protein from 
the sensor surface masks the increase in the layer thickness that would be consistent with 
the tethering of imprinted polymer gel particles to the sensor surface that is proposed.
Table 5.7 quantifies the effect that the cavity containing MIP 2 samples had upon the 
removal of protein from the sensor surface. Firstly, it can be seen that following the 
recycling of the sensor surface in the MIP 1 HydroMIP experiment (which directly 
preceded this experiment), a residual protein layer with a thickness of 0.67nm and mass 
of 0.55ng/mm^ remained on the sensor surface. This was taken into account in the 
analysis of the subsequent data, with all injections related to the residual BHb layer.
Layer Name User Ref Rl Th / nm
Mass
(ng/mm=)
Density
(g/cm^)
1 EtOH Calib Chip 1 1.52 988.41 0 0
2 Residual BHb Chip 1 1.49 0.67 0.55 0.82
3 BHb Residual BHb 1.44 4.43 2.48 0.56
4 MIP 2 Iniection 1Residual BHb 1.46 338 2.31 0.68
5 MIP 2 Injection 2 Residual BHb 1.46 3.26 2.26 0.70
Table 5.7 The quantified changes in thickness, mass and density of the deposited 
BHb layer as a result of the injection of MIP 2 HydroMIP gel samples.
Following the physisorption of BHb upon the sensor surface, a protein layer that was 
4.43nm thick with a mass of 2.48ng/mm^ remained. Following the first MIP 2 injection, 
this layer decreased significantly in thickness to 3.38nm, and once again to 3.26nm 
following the second injection. The mass responded in an identical manner with a 
decrease to 2.31ng/mm^ and 2.26ng/mm^ respectively following the HydroMIP 
injections. In contrast to the HydroNIP control and MIP 1 samples, MIP 2, which 
possessed freely exposed imprinted cavities, removed BHb from the sensor surface. The
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layer density values also support this feat, as an increase from 0.55g/cm^ (BHb protein 
layer) to 0.68g/cm^ (injection 1) and 0.70g/cm^ (injection 2) was observed as protein was 
removed from the surface allowing the remaining protein molecules to associate 
themselves in a denser fashion upon the sensor surface^. The increase in mass from the 
second MIP 2 injection is also significantly larger than the increase observed as a result of 
the injection of MIP 2 (Figure 5.9) across the unmodified sensor surface. This further 
suggests that the binding of the MIP to the BHb surface is a highly specific binding event.
Figure 5.20 shows the changes in phase angle obtained as a result of injecting two MIP 3 
HydroMIP gel samples (1:15 dilution) across a deposited layer of BHb upon the sensor 
surface. A distinctive protein-binding curve is clearly observed with a residual baseline 
relating to deposited protein apparent following the cessation of the protein injection.
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Figure 5.20 Changes in phase angle as a result of the deposition of BHb upon the 
sensor surface followed by the injection of MIP 3 HydroMIP gel samples.
Once again, as with all other ‘individual’ experiments conducted, there is a clear change 
in the phase angle as a result of the deposition of BHb upon the sensor surface. As 
observed with Figure 5.17 (and to a lesser extent Figure 5.15) the distinctive peaked 
protein binding curve occurs towards the end of the protein injection (approximately
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15500 seconds) and is again almost certainly due to the internal buffering of the protein 
solution, and the deposition that occurs following the transition to a non buffered solution. 
Following the injection of the MIP 3 HydroMIP samples, changes in phase angle are 
observed that resemble those observed for the MIP 2 HydroMIP samples (as depicted in 
Figure 5.17). Both polarisations and channels show an increase in the phase angle in 
response to the injection of the HydroMIP, with rapid decreases following the termination 
of the injection. Although not nearly as pronounced as the effects observed in Figure 
5.17, this also suggests that some protein is being removed from the sensor surface but to 
a lesser extent.
Figure 5.21 shows the changes in thickness, mass and density of the deposited protein 
layer upon the sensor surface during protein deposition, and following the injection of 
MIP 3 HydroMIP samples. As reflected by the changes in phase angle shown in Figure 
5.20 and in contrast to both HydroNIP and MIP 1 HydroMIP, the injection of the MIP 3 
sample across the sensor surface has a clear effect on the thickness, mass and density of 
the protein layer, but not to the same degree as the MIP 2 sample that comprises of gel 
particles with exposed molecularly imprinted cavities.
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Figure 5.21 Changes in thickness, mass and density of deposited protein layer as a 
result of the injection of MIP 3 HydroMIP gel samples.
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The rises in the density of the protein layer as a result of the injection of the HydroMIP 
sample indicate that protein is being stripped from the sensor surface by the gel samples. 
As observed in Figure 5.18, the mass responds by increasing slightly upon hydrogel 
injection, and decreasing upon cessation of the injection. The thickness also acts in a 
similar manner to that observed in Figure 5.18 by increasing slightly upon hydrogel 
injection before decreasing following the injection ending. A similar ‘masked’ thickness 
response occurs for the first HydroMIP injection in an identical manner as discussed. It 
appears that the MIP 3 HydroMIP is behaving in an identical manner to that of MIP 2, but 
to a much lesser degree. This is further confirmed by the quantified values of protein 
stripping following HydroMIP injection shovm in Table 5.8.
Layer Name User Ref Rl Th / nm
Mass
(ng/mm=)
Density
(g/cm=)
1 EtOH Calib Chip 1 1.52 988.40 0 0
2 Residual BHb Chip 1 1.48 1.48 1.16 0.78
3 BHb Residual BHb 1.43 3.87 2.04 0.53
4 MIP 3 Iniection 1 Residual BHb 1.44 3.40 1.88 0.55
5 MIP 3 Injection 2 Residual BHb 1.44 3.26 1.82 0.56
Table 5.8 The quantified changes in thiekness, mass and density of the deposited 
BHb layer as a result of the injection of MIP 3 HydroMIP gel samples.
MIP 3 is similar in effect to MIP 2, but has been subjected to the rebinding of the original 
template molecule within the imprinted cavities that it possesses. The rebinding of the 
template molecule within these imprinted sites is highly efficient, however it is not 
appropriate to assume that it is a process that is 100% efficient and that every cavity 
becomes reoccupied following rebinding. Therefore, when considering this, it is 
understandable why the injection of MIP 3 across a saturated protein surface responds in 
much the same way as MIP 2; some imprinted cavities that have not been reoccupied by 
the template protein are present within the sample, which contribute to the tethering of the 
hydrogel to the sensor surface. As a result, a subtle increase in mass and thickness of the 
protein layer occurs, followed by a decrease in both parameters as the protein and gel is 
removed by the buffer solution.
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5.4 Conclusions
The Analysis of the BHb-HydroMIPs using DPI technology has generated a substantial 
amount of data characterising the hydrogel based imprinted polymers. The control 
experiments allowed the nature of the HydroMIPs in their differing forms to be evaluated, 
with the results clearly emanating from the different protein compositions of the gels. It 
was observed that distinct contributions to the mass and thickness of a deposited protein 
layer upon the sensor surface were made by MIP 1 and 3 (protein containing) in relation 
to NIP and MIP 2 (absent of protein). Furthermore, when a layer of protein was 
immobilised upon the sensor surface, the cavity containing HydroMIP gels clearly 
stripped protein from the sensor surface in relation to the HydroMIP samples that did not 
possess imprinted sites capable of accepting the template protein. This effect has been 
quantified in terms of layer thickness, mass and density, and we believe this is a firm 
indication of the presence of imprinted cavities within the HydroMIP structure.
These findings are of significant importance. Firstly, this is the first time that MIPs of 
any form have been interrogated using this technique. Secondly, these results not only 
corroborate the findings of both the optimisation and imaging sections of work, but do so 
in a manner that quantifies the degree of protein uptake by the imprinted polymer, and 
relies upon contrasting analysis principles to that of any of the other techniques 
employed. Finally, and Future Work
perhaps most significantly, this section of work indicates that the HydroMIP materials, 
may play a significant role as the selective recognition material of a biosensor strategy.
The potential that the AnaZ/g/z/®Bio200 instrument holds as a biosensing system when 
used in conjunction with protein specific HydroMIPs is vast. The user-friendly nature of 
the instrument allows experiments to be performed in a highly efficient manner, with 
many experimental variables investigated in a short space of time.
Several substantial areas of investigation immediately present themselves. Firstly, it has 
been shown, that proteins can be easily and reproducibly immobilised on the sensor 
surface. Therefore, the selectivity of the HydroMIP materials could be evaluated by 
immobilising template-analogues upon the sensor surface, and interrogating the degree of
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non-specific uptake that occurs when the HydroMIPs are flowed across the sensor 
surface. This would be a highly rapid and sensitive approach to selectivity studies that 
are traditionally both time-consuming and labour intensive. Furthermore, in Chapter 2 we 
identified the use of chitosan/polyacrylamide beads as a potential area of future 
investigation. By injection such imprinted materials across the sensor surface (in a 
similar way to as performed here), the characterisation and quantification of both the 
selectivity and imprinting effects of such materials could be rapidly assessed.
Secondly, traditional approaches to biosensing involve the immobilisation of the selective 
recognition element upon the sensor surface, with the analyte flowing or being introduced 
to the sensor. In this instance, it was considered too time consuming to optimise the 
procedures that would be necessary to produce a HydroMIP thin-film upon the sensor 
surface. However, if molecularly imprinted thin films were to be produced, then the 
interrogation and optimisation (as well as quantification) of such materials could be 
performed using DPI-based technology. The resulting polymer films or membranes could 
be then applied to a whole host of sensing strategies.
Finally, the experimental optimisation performed provided a great deal of valuable 
information regarding potential methods of template removal. However, the measures 
performed to obtain such information were particularly time-consuming and labour 
intensive. The AnaZ/g/i/‘®Bio200 instrument offers a rapid alternative to such 
optimisation stages which, in terms of template removal, could be performed in one of 
two ways. The template protein could be immobilised upon the sensor surface in much 
the same way as it was in this study, with different elution solvents injected across the 
sensors surface. The degree of protein dénaturation could be quantified in terms of 
observed changes in the thickness, mass and density of a deposited protein layer, and 
would be a rapid method of optimisation prior to physically conducting HydroMIP 
preparation. The alternative approach would involve the production of HydroMIP thin- 
films as previously mentioned. The efficiency of elution solvents could be assessed by 
quantifying the effect they have upon template removal from the immobilised HydroMIP 
film upon the sensor surface.
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CHAPTER 6
CONCLUSIONS
This thesis details the investigation of protein-specific molecularly imprinted polymers. 
The production of HydroMIP materials was experimentally optimised, characterised 
using a series of imaging techniques, and the potential application of the smart-materials 
assessed, with a view to employing the resulting hydrogel based smart-materials as the 
selective recognition element of a biosensor strategy.
Optimisation of any analytical procedure is of extreme importance. This is especially true 
of molecularly imprinted polymers, where a large number of potential variables influence 
the likely success of the imprinting process. We have extensively optimised a series of 
experimental parameters that all individually play integral roles in influencing the 
efficiency of the imprinting process. As a result, we now have a robust understanding of 
the manner in which these variables combine, and a generic protocol is proposed that can 
be employed as the starting point for the imprinting of a whole host of biological 
molecules of clinical significance.
Aqueous phase molecularly imprinted polymers have the potential to make a substantial 
impact upon many differing fields, particularly that of medical diagnostics. However, 
more investigation is required before a prototype device that could be taken into the 
clinical setting or used with a ‘real’ biological sample is developed. This occurs primarily 
as a result of our poor understanding of the processes that govern MI, and the resulting 
inability to reproducibly perform polymer chemistry to imprint for large biological 
molecules.
Although many differing approaches to optimisation exist and should be drawn upon 
(such as combinatorial and molecular modelling methods), it is difficult to implement the 
knowledge gained from these techniques without having first performed a series of simple 
yet extensive laboratory based optimisation stages. We have optimised the HydroMIP 
architecture to promote the production of imprinted sites, and the manner in which the
I
template protein is removed from the polymeric materials. This has furnished us with the
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basic understanding of how the materials behave in an experimental setting. Such studies 
have been extensively performed in relation to traditional approaches to MI, but to date, a 
study of this nature has not been performed with regards to aqueous phase MI. The value 
of this work is further enhanced when considering the increasing number of reports of MI 
within (polyacrylamide) hydrogels. As a result, we believe that the knowledge gained 
from this section of work, puts us in a unique position to further the understanding of 
molecular imprinting for biological template molecules in their native environments. We 
have developed highly sensitive and versatile ATM and DPI based interrogation 
techniques, which allow us to investigate the HydroMIP materials in a manner that has 
previously not been exploited.
It must be stated that this is by no means an extensive review of the optimisation stages 
that must be investigated in full, as many parameters will continue to present themselves 
as our understanding of the principles involved expand and a wider range of template 
molecules are imprinted. This will be particularly relevant when analysis is performed in 
a 'real' biological sample. However, we can state that following this work, we are ideally 
placed to continue the generic application of the optimised imprinting protocol proposed 
to evaluate the clinical utility of such a technique for the analysis of physiologically 
significant molecules.
We have characterised the protein-specific HydroMIPs using a series of analytical 
procedures, all of which rely upon highly contrasting analysis principles. The most 
elementary technique employed involved the evaluation of re-binding studies using 
spectrophotometry. The results strongly suggest that a MIP effect is exhibited by protein- 
specific HydroMIPs in relation to all HydroNIP controls. In addition, the selectivity of 
the smart materials to the template molecule has also been established using 
spectrophotometry, and suggests that a high degree of selectivity is also exhibited. These 
findings were supported by fluorimetric analysis employed to assess the imprinting 
efficiency of a HydroMIP for a fluorescently labelled protein. Both techniques suggest 
that a selective recognition material has been produced that possesses a significant degree 
of molecular memory as a result of the presence of molecularly imprinted cavities.
Three high powered imaging techniques were employed to further characterise the 
HydroMIP materials with particular emphasis placed upon gaining direct visual evidence
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of imprinted cavities. Confocal microscopy was used to image an FITC-albumin 
imprinted HydroMIP. Although the resolution of the instrument was not sufficient to 
image the template-imprinted cavities on an individual basis, an overview of the 
HydroMIP structure in its native form was gained. The spatial orientation in which the 
template molecules resided within the hydrogel was defined, and the fluorescence 
exhibited by the imprinted templates allowed the efficiency of the optimised elution 
protocol to be further characterised. Perhaps the most significant aspect was the 
visualisation of the polymer structure itself. Although this did not contribute directly to 
the characterisation of the material, additional microscopy-based analysis that was 
subsequently performed was put into context as a result of the understanding of the 
manner in which the polymer resided when in its natural form. Although confocal 
microscopy has been extensively utilised in many different fields (including MI), we 
believe that this is the first report of its use as a characterisation tool for protein-specific 
hydrogel-based MIPs.
The use of TEM was a natural progression from confocal microscopy as it offered the 
resolution and magnification required to directly image the molecularly imprinted 
cavities. TEM has also found widespread use in many fields including MI, but 
visualisation of imprinted sites on a single nanometer scale has not been described, with 
an overview of polymer morphology more commonly exhibited.
We present findings that show molecularly imprinted cavities towards a BHb template 
protein within a polyacrylamide HydroMIP. Exhaustive sample preparation procedures 
have been described that detail the development of cryogenic, freeze etch and antibody 
immunolabel protocols. Each variation investigated presents visual evidence to support 
the presence of protein-imprinted cavities. Interpretation of all TEM micrographs would 
have been significantly more problematic had confocal microscopy not been performed, 
as without such an understanding of the polymer in its native form we could not have 
proposed that the structural detail shown (within the cavity containing HydroMIPs) arose 
as a result of imprinted cavities within the polymer network.
AFM was used to interrogate the presence of BHb-specific imprints within HydroMIP 
gels. The ability to gain high-resolution topographic images of the sample surface was 
offered by this technique, as was (most importantly) the ability to obtain quantitative
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information regarding specific bio-molecular adhesive events that occur between chosen 
biomolecules and the HydroMIP samples in question.
A lOnm (curvature of radius) AFM probe was used to investigate the surface of both MIP 
and NIP samples. Surface topographies of all samples were obtained, that correlated to a 
high degree with the surface features observed in both confocal and TEM microscopy 
previously performed. However, the size of the AFM probe and the scan size/resolution 
of the instrument limited the degree of detail obtained (regarding cavity-structure). This 
was not an issue of significance, as the confocal and TEM images went a long way 
towards characterising the structure of the HydroMIP materials in both their natural form 
and in the absence of the template protein. Subsequently, force curve measurements of 
BHb-HydroMIPs were made using bio-modified AFM probes. A template modified 
AFM probe was used to interrogate HydroMIP samples in the presence and absence of 
the template protein.
A significantly greater force was required to withdraw the AFM probe from the surface of 
a BHb imprinted polymer in relation to a non-imprinted control. This offers substantial 
evidence to suggest the presence of protein-specific HydroMIPs. In addition, AFM 
probes were modified with an antibody to the template molecule. A significantly greater 
force was required to retract the modified tip from the template containing samples than 
either the non-imprinted control, or a sample that had been subjected to template removal. 
This is the first time that AFM force measurements have been employed in conjunction 
with molecularly imprinted polymers of any type. The findings strongly suggest that 
variations in the observed biomolecular interactions occur as a result of the presence of 
the template protein entrapped within the hydrogel matrix.
We believe that strong evidence is presented by each analysis method employed to 
suggest the presence of protein-specific imprinted cavities within HydroMIPs, in relation 
to HydroNIP controls. The TEM and AFM interrogation of the materials suggest that the 
imprinted sites are approximately 5.5nm in diameter, which corresponds to the size of the 
template molecules employed. Additionally, we have demonstrated that imprinted sites 
of differing sizes form within the polymer matrix, which can be attributed to the variable 
agglomeration of the template molecules in the pre-polymerisation solution. The
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potential application of the HydroMIP material in a biosensing strategy has also been 
investigated.
The DPI technology embodied in the AnaZzg/z/®Bio200 instrument is an exciting new 
method of analysis that has proven itself to be a highly sensitive optical based device for 
the real-time analysis of protein structure. We have employed the sensitivity of the 
device to characterise BHb-specific HydroMIPs in a number of ways. Firstly, HydroMIP 
gels (both before and after template removal, and following template rebinding) were 
characterised by the Farfield device. The presence of the template molecule within the 
HydroMIP matrix was characterised by the effects exhibited upon the attenuation of the 
evanescent wave emanating from the optical sensor. HydroMIP samples in the presence 
of the template molecule made a greater contribution to the bulk refractive index upon the 
sensor surface as a direct result of the protein content of the gels.
The potential clinical utility of HydroMIPs as the selective recognition element of a 
biosensing strategy was evaluated. The template protein was physically immobilised 
upon the optical sensor surface, and the ability of the cavity containing HydroMIP 
material to recognise and strip the template from the surface was assessed. The 
HydroMIP material was capable of recognising and removing the template protein from 
the sensor surface to a considerably more significant degree than either the HydroNIP 
control, or HydroMIP samples where the imprinted sites were occupied. These effects 
were quantified in terms of the density, thickness and mass of bound protein upon the 
sensor surface. As a result, it can be concluded that HydroMIP materials made for 
molecules of clinical significance can be incorporated into an optically based biosensor 
strategy. Much work is still to be done involving the form that the hydrogel takes upon 
the sensor surface; however proof of concept has been demonstrated. This is the first 
report of characterising MIPs using DPI technology and is a highly novel application of 
both the materials developed and analysis technique employed.
We believe that the protocols devised can now be applied to the imprinting of a wide 
variety of molecules. However, several significant advances are required before a 
HydroMIP can be implemented in a working biosensing strategy. The limit of detection 
and analytical precision portrayed by the materials must be established. This should be 
performed in comparison to an established analytical technique (such as HPLC or
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immunoassay) that is capable of determining the concentration of an analyte in solution. 
The imprinting effect and selectivity of the HydroMIP materials must also be evaluated 
when a complex sample matrix, such as blood or urine is employed. Only then will the 
true potential of this technique be determined, and the measures necessary to further its 
development established.
In summary, we have described the extensive experimental optimisation of the imprinting 
parameters involved in producing protein-specific molecularly imprinted polymers. 
Characterisation of the imprinted cavities within our optimised model has been performed 
using three high-powered imaging techniques. Visual evidence that is suggestive of 
imprinted cavities is presented (using TEM imaging), and quantitative evidence regarding 
template-specific biomolecular interactions is offered using AFM. We have also shown 
that the optimised HydroMIP materials can be succesfully used in conjunction with 
optical biosensors, with the Farfield device offering highly sensitive characterisation and 
quantification of molecular binding events.
This thesis contributes substantially to the field of MI and presents numerous findings that 
are highly novel in approach and nature. An excellent basis for the continuation of 
research into HydroMIPs is provided, which will further the understanding of the 
principles and processes that are integral to MI in the aqueous phase.
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Abstract
We have developed a strategy to produce molecularly imprinted polymers based on polyacrylamide hydrogels for the selective imprinting 
o f bovine haemoglobin (BHb). For the first time, we have explored in detail a variety o f template removal strategies including varying ratios o f  
sodium dodeeylsulphate:acetic acid (SDSrAcOH) and also the use o f a trypsin digest. The optimum ratio o f  SDS:AcOH was found to be a 10% 
(w/v): 10% (v/v) for the most effective template removal. This resulted in >90% (imprinting efficiency) o f  re-loaded template (protein) molecule 
being selectively bound within the MIP. At 15%.T5% of SDS.'AcOH, although there was even more initial template removal, subsequent 
re-binding studies showed a decrease in imprinting efficiency (67.9%). Trypsin solutions were also used as a method o f  template removal. 
Up to 87.4% of template was reproducibly removed initially; however, the imprinting efficiency was only 20.4%. The high selectivity o f the 
BHb HydroMIP to BHb compared with other structural analogues (namely cytochrome C and myoglobin) was successfully demonstrated.
© 2005 Elsevier B.V. All rights reserved.
Keywords: Hydrogel; HydroMIP; Molecular imprinting; Proteins; Polyacrylamide; Molecularly imprinted polymers; MIP
1. Introduction
The continual need for novel, fast and efficient diagnostic 
methods within the clinical, pharmaceutical and environmen­
tal sectors has fuelled much research into the development of 
highly selective analytical procedures. A major objective has 
been to design, construct and manufacture, biomimetie re­
ceptor systems that are capable of binding a target molecule 
with similar speeffieity and affinity to that o f antibody-based 
systems [1].
Molecularly imprinted polymers (MIPs) have become an 
important tool in the preparation of artificial and robust recog­
nition materials that are capable o f mimicking natural sys­
tems [2,3]. When compared to natural recognition products 
such as antibodies, MIPs offer advantages such as durability, 
specificity and ease of mass production, that have previously
* Corresponding author. Tel.: +44 1483 686396; fax: +44 1483 576978. 
E-mail address: s.reddy@surrey.ac.uk (S.M. Reddy).
0003-2670/$ -  see front matter © 2005 Elsevier B.V. All rights reserved. 
doi:10.1016/j.aca.2005.01.052
not been offered by alternative techniques [4]. To date, MIPs 
have been widely used in a number o f applications including 
chromatographic applications [5], solid phase extraction [6], 
catalysis [7] and various sensor strategies [8].
The majority of imprinting technologies demonstrated 
to date involve the synthesis o f MIPs in organic solvents 
that show selectivity for relatively low molecular weight 
molecules. Synthesis in aqueous media o f chemically and 
mechanically stable MIPs, that demonstrate specific recog­
nition of biomoleeules continues to be a significant chal­
lenge, as aqueous solutions significantly reduce the bind­
ing strength o f the non covalent template-monomer inter­
actions that are integral to the production o f an imprinting 
effect.
Widespread acceptance o f molecular imprinting (MI) in 
routine analysis has to date been inhibited by the inability to 
reproducibly remove 100% of the template molecule from the 
polymer matrix. This has serious implications when perform­
ing trace and ultra trace analysis [9], and when imprinting
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biomarkers of pathophysiological conditions. It has also 
largely been shown that MIPs only demonstrate their selectiv­
ity when rebinding template in the organic solvent in which 
they were synthesised [10]. Polyacrylamide is a nitrogen- 
containing member of the acrylate family o f polymers, which 
has been identified as a suitable imprinting matrix for biolog­
ical molecules, as it is water soluble, cheap, easily produced 
and can be engineered to possess attractive structural param­
eters [11].
Haemoglobin (Hb) is the iron-containing oxygen trans­
port metalloprotein in the red cells o f blood in mam­
mals and other animals. Hb is a globular protein, and 
structural changes in any o f the four molecular subunits 
that it is comprised of, can result in the manifestation 
of hereditary diseases such as sickle cell anaemia, tha- 
lassaemia and haemoglobinopathies [12]. The laboratory 
diagnosis of such conditions requires a combination of 
complicated and time-consuming procedure [13], whereas 
MI may offer a rapid, sensitive and selective approach to 
the screening, diagnosis and monitoring of haemoglobin 
disorders.
Despite MI being an established and well-known analyti­
cal technique, the field of aqueous phase molecular imprint­
ing, particularly within polyacrylamide gels is very much in 
its infancy. The group of Hjerten and coworkers [11,14,15] 
has pioneered the use of polyacrylamide gels as imprinting 
matrices and to date has performed some excellent gel op­
timisation studies in producing protein-specific gel beds for 
affinity chromatography. This work detailed SDS and AeOH 
being employed to remove imprinted proteins from a poly­
acrylamide gel matrix. However, the ratio o f SDSiAeOH 
and subsequent effect upon template removal and imprint­
ing effect have not been extensively investigated. Addition­
ally, quantification of template removal has not yet been fully 
performed by a rigorous analytical technique. In this pa­
per, we report the use and optimisation o f SDS:AcOH as 
a template removal strategy from a haemoglobin-imprinted 
polyacrylamide gel (HydroMIP). Additionally, we discuss 
the role that the digestive proteinase trypsin may play in 
template removal, and the subsequent characterisation o f the 
specificity and selectivity of the HydroMIP to the template 
molecule by assessing non-specific binding o f chemically 
and structurally analogous proteins. All analysis was per­
formed in relation to non-imprinted controls (HydroNIPs) by 
spectrophotometry.
3. Methods
3.1. Solution preparation
Stock solutions o f BHb, myoglobin and cytochrome C 
were prepared in reverse osmosis (RO) water to give final 
concentrations o f 3 mg/ml. Also 5%, 10% and 15% (v/v) 
solutions o f AeOH containing 5%, 10% and 15% (w/v) SDS, 
respectively, were prepared. Trypsin solutions were prepared 
in phosphate buffer (PBS, pH 7.4) to give enzyme-substrate 
ratios (E:S=trypsin:BHb), o f 10:1, 30:1 and 50:1.
3.2. HydroMIP production
BHb (12 mg), aerylamide (54 mg), -methylenebi- 
saerylamide (6 mg) and IO|xl o f 10% (w/v) ammonium 
persulfate (APS) were dissolved in 1 ml o f RO water in 
a 7 ml polystyrene/polyethylene bijou. A volume of 10 p.1 
of 5% (v/v) A,A/,A',A/'-tetramethylethyldiamine was added 
and the solution was deoxygenated by purging with nitro­
gen for 5 min. Polymerisation occurred overnight at room 
temperature giving final erosslinking concentration o f 10%. 
A non-imprinted control was made in an identical man­
ner, in the absence o f BHb. All gels were granulated by 
passing through a 75 p,m sieve (Endeeotts Ltd., London, 
UK), transferred to 10 ml polystyrene/polyethylene cen­
trifuge tubes and washed with five 2 ml volumes of RO 
water followed by five 2 ml volumes o f SDS:AeOH elu­
ant. Each wash/elution step was performed by centrifuga­
tion at 3000 rpm for 5 min using a Centaur II centrifuge 
(Fisher Scientific, Loughborough, UK), with all super­
natant fractions extracted by pipette and collected for 
analysis.
3.3. BHb HydroMIP selectivity study
A volume o f 2 ml o f BHb standard was applied to the 
HydroMIP (6 mg total reloaded protein) following equilibra­
tion of the gel with an excess of RO water, and allowed to 
associate with the imprinted gel for 10 min. The HydroMIP 
was washed as before and the template eluted in five 2 ml vol­
umes of SDS: AeOH. The selectivity o f the HydroMIP for the 
template molecule BHb was investigated by loading 2 ml of  
myoglobin and cytochrome C, respectively (3.0 mg/ml, 6 mg 
total mass), with subsequent washing and elution o f protein 
as previously described.
2. Materials 3.4. Proteinase template removal
Aerylamide, ammonium persulfate, bovine haemoglobin, 
cytochrome C, horse heart myoglobin, /V,M-methyl- 
enebisaerylamide, SDS, -tetramethylethyldiamine
and trypsin were all purchased from Sigma (Poole, UK). 
AeOH was purchased from Fisher Scientific (Loughborough, 
UK) and phosphate buffer tablets were purchased from Oxoid 
(Basingstoke, UK).
BHb HydroMIPs were produced and washed as previously 
described. The HydroMIPs were then incubated at 40 °C for 
12 h with 2 ml trypsin solution (10:1, 30:1 and 50:1 E:S, re­
spectively). Following incubation, centrifugation occurred at 
3000 rpm for 5 min, followed by four 2 ml washes of PBS. 
A volume of 2 ml of BHb standard was reloaded (3.0 mg/ml, 
6 mg total mass) and allowed to associate in the gel. Trypsin
253
D.M. Hawkins et al. /  Analytica Chimica Acta 542 (2005) 61-65 63
digestion and PBS washing was subsequently performed as 
before, with all supernatant fractions collected for analysis.
3.5. Spectrophotometric analysis
Calibration curves (0-0.3 mg/ml) were prepared for all 
proteins and trypsin, in the respective wash and elution sol­
vents used, allowing the accurate measurement of template 
removal under the corresponding acid/surfactant and protein 
digest conditions. Spectral scans (500-250 nm) were per­
formed upon each protein to obtain the peak wavelength 
for analysis, and were 404, 408 and 408 nm (RO-BHb, RO- 
myoglobin and RO-cytochrome C); 393, 394 and 395 nm 
(SDS/AcOH-BHb, SDS/AcOH-myoglobin and SDS/AcOH- 
cytochrome C) and 280 nm for all proteins in the varying 
trypsin solutions. All wash/elution fractions were diluted 
in the appropriate wash/elution solution (to fall within the 
calibration range) by visually assessing the intensity of the 
coloured fraction. Analysis and subsequent determination of 
protein concentration was performed at peak wavelength us­
ing a UVmini-1240 CE spectrophotometer (Shimadzu Eu- 
ropa, Milton Keynes, UK).
4. Results and discussion
All studies reported here involved quantifying an imprint­
ing effect, exhibited by the HydroMIP, in relation to a Hy­
droNIP control. Detection of protein in the wash and elution 
phases is indicative of certain MIP or NIP characteristics.
The detection of protein in the “load” phase indicates that 
protein has not been bound within molecularly imprinted cav­
ities in the gel. If protein is detected in the water only “wash” 
phase, it is likely that specific binding with molecularly im­
printed cavities has not occurred. It is probable that the gel 
matrix has acted more like a large molecular sieve, and phys­
ically entrapped the protein.
The evidence of protein in the “elution” phase (subsequent 
to “load” and “wash”) is most indicative of an imprinting 
effect. Protein that has been selectively rebound within im­
printed cavities will be eluted. Detection of large amounts of 
protein, relative to the load and wash phases, would suggest 
that a molecular imprint has been formed. Elution of little 
protein would suggest that no specific binding of protein oc­
curred, and no molecular imprint was originally made. It is 
of paramount importance to display a pronounced retention 
effect of template by the MIP, when compared to that of the 
NIP.
4.1. Elution o f  BHb template using SDS.'AcOH
Proteins are highly charged and folded structures with 
many differing areas of negative and positive charges that 
are evident due to the charged functional groups throughout 
the protein stmcture [16]. There are many hydrophobic do­
mains within protein structures where non-polar functional
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Fig. 1. Effect o f SDS:AeOH (5%:5%, 10%: 10% and 15%: 15%) upon the 
wash, load and elution profiles (and subsequent imprinting effect) o f BHb 
HydroMIPs vs. HydroNIP controls. All values are means o f duplicate ex­
periments and the error bars represent the two “actual” results for each data 
set.
groups collect in an attempt to distanee themselves from the 
polar regions surrounding the protein.
Fig. 1 shows that at all three SDS:AcOH ratios, a clear 
imprinting effect is demonstrated in comparison to the non- 
imprinted eontrols. The contrasting load, wash and elution 
patterns show that BHb was retained by the HydroMIP to a 
much greater degree than that of the HydroNIP, with retained 
protein clearly detected in the elution phase of the HydroMIP 
and not the HydroNIP.
The combined action of SDS and AcOH had a clear and 
significant effect upon template removal. Table 1 shows that 
as the percentage SDS:AcOH was inereased from 5%:5% 
to 10%:10% and 15%:15%, template removal percentages 
increased from 38.1 to 47.6% and 71.5%, respectively.
With the pH of the 10%: 10% SDS:AcOH (pH 2.8) be­
ing mueh lower than the pi o f BHb (pi = 7.1), SDS interae- 
tion is oeeurring with a positively charged protein [17]. SDS 
is known to form micelles at concentrations above 8mM. 
The positively eharged protein attaehes to the negative sur­
face of the micelle strueture in which the polypeptide is 
wound around SDS mieelles [18]. It is therefore potentially 
possible for the template protein to be effectively removed 
from the MIP in this manner. However, with the diameter 
of haemoglobin being 5.5 nm, it is likely that the micelles 
cannot physically penetrate into the imprinted cavity, which 
holds the template molecule. While not penetrating the cavity, 
the micelle is in very close contact to the positively eharged 
protein in the cavity, resulting in favourable electrostatie in­
teractions. The latter will cause the protein to unravel. In 
addition to lowering the overall pH of the solution, the acetic 
acid serves to disrupt intramoleeular hydrogen bonds within 
the protein molecule and so further helps to denature the pro­
tein.
Although a clear increase in pereentage template removal 
ean be seen with an inerease in the ratio o f SDS:AcOH, at 
15%: 15% SDS:AeOH the resulting imprinting effect within 
the polymer appears to be compromised. This is indicated by 
the percentage of protein eluted following loading and wash­
ing of the template. Eluted protein is indicative of the removal
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Table 1
Effect o f SDS:AcOH ratio and E:S o f trypsin digest upon the degree 
o f template removal, and subsequent observed imprinting effect, o f BHb 
HydroMIPs
Parameter % Template 
removal
“MIP” effect: % distribution 
of reloaded protein
Load Wash Elute
AcOH/SDS
MIP
5%/5% 38.1 13.6 6.7 79.7
10%/10% 47.6 4.8 5.2 90.0
15%/15% 71.5 12.8 19.3 67.9
NIP
5%/5% - 64.9 30.6 4.5
10%/10% - 55.4 40.7 3.9
15%/15% - 66.6 29.4 4.0
Trypsin digest 
MIP
10:1 57.6 69.6 19.1 11.3
30:1 74.8 67.5 16.6 12.9
50:1 87.4 61.4 18.2 20.4
NIP
10:1 - 71.2 28.8 0.0
30:1 - 67.3 32.7 0.0
50:1 - 63.3 36.7 0.0
The “MIP” effect is characterised in terms o f the observed percentage distri­
bution of BHb, following the reloading, washing and elution o f the protein 
from the HydroMIP. All values are means o f duplicate results. Percentage 
template removal is calculated as follows: mass o f template removed/original 
mass X 100.
of template that has been selectively bound within molecu­
larly imprinted cavities. By increasing the SDS:AcOH ratio 
from 5%:5% to 10%: 10%, total template removal increased 
from 38.1 to 47.6%, and eluted protein increased from 79.7 to 
90.0%. However, despite total template removal increasing 
to 71.5% when employing a SDS:AcOH ratio of 15%: 15%, 
eluted protein levels dropped to 67.9%. It is possible that this 
occurs due to a conformational change in the polyacrylamide 
matrix, altering the shape and chemistry of the imprinted cav­
ity. Therefore, the use of SDS:AcOH for further HydroMIP 
studies was optimised at 10%: 10% SDS:AcOH.
It is apparent that there may be a certain degree of covalent 
bonding of the BHb to the HydroMIP during the polymeri­
sation, as a small amount of colour can be visually de­
tected in the HydroMIP, even after extensive washing with 
SDS:AcOH, when compared to the HydroNIP. As monomer 
radicals are formed during the polymerisation process, cova­
lent coupling of protein may occur during free-radical poly­
merisation and this cannot be overlooked [11]. In the present 
study, long-term template leaching is not necessarily an is­
sue when the BHb is covalently bound, as it clearly cannot 
be eluted under SDSiAcOH conditions.
4.2. Trypsin
Trypsin is one of three principle proteolytic enzymes that 
are produced by the pancreas and secreted in the small intes-
5 .0 0 -
4 .0 0 -
8  3.00 - H W ash 
^  Elution
ir  2.001.0 0 -
10;1NIP 10:1 MIP 30:1 NIP 30:1 MIP 50:1 NIP 50:1MIP
Fig. 2. Effect o f trypsin digestion (E:S= 10:1, 30:1 and 50:1) upon BHb 
recovery and subsequent imprinting effect -  HydroMIP vs. HydroNIP con­
trols. All values are means o f  duplicate experiments, with the error bars 
representing the two “actual” results for each data set.
tine to breakdown dietary protein molecules into their compo­
nent peptides and amino acids. Trypsin acts directly upon the 
BHb molecule, when imprinted within the polyacrylamide 
matrix by “cutting” directly downstream of the two basic 
amino acids, lysine and arginine, which are found in abun­
dance in the BHb molecule [19].
The trypsin digest had a clear and profound effect upon 
template removal. Increasing the E:S ratio from 10:1 to 
30:1 and 50:1, increased total template removal efficiency 
from 57.6 to 74.8% and 87.4%, respectively. The BHb was 
subjected to excess enzyme, facilitating almost complete 
template removal (Table 1). However, although the observed 
imprinting effect increased with an increase in E:S (demon­
strated by an increase in eluted protein) the effect is poor 
compared to that observed with SDS:AcOH elution (Fig. 2).
This is surprising, especially when considering the degree 
of template removal observed. It is possible that residual pro­
tein fragments have remained within the imprinted cavity, fol­
lowing cleavage by the enzyme, which effectively blocks the 
imprinted sites, significantly reducing the imprinting effect.
4.3. HydroMIP selectivity
A  key component of this study involved proof of the speci­
ficity and selectivity of the HydroMIP to the re-binding of the 
template molecule BHb. Selectivity was measured by per­
forming rebinding studies of the structurally and chemically 
analogous proteins, cytochrome C and myoglobin, upon the 
BHb-specific HydroMIP.
It is apparent that when cytochrome C and myoglobin are 
loaded upon a BHb HydroMIP, ~80% of protein is detected in 
the load and wash phases (Table 2). This, when compared to 
less than 10% detected upon loading BHb, clearly shows that 
the HydroMIP displays specificity to the original template 
molecule, as the template is retained within the molecular 
imprint and is only subsequently removed under the estab­
lished optimised SDS-AcOH elution conditions.
Fig. 3 depicts the load, wash and elution trends observed 
when reloading cytochrome C and myoglobin onto a BHb
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Table 2
Selectivity study: observed results following the reloading o f cytochrome C 
and myoglobin upon a BHb-specific HydroMIP
Parameter “MIP” effect: % distribution 
o f reloaded protein
Load Wash Elute
Bhb selectivity Cytochrome C 56.3 26.2 17.5
Myoglobin 61.1 15.4 23.4
BHb 4.8 5.2 90.0
All values are means of duplicate results.
E 4.00
8  Load 
mW ash 
Elution
g  3 .0 0 -
2 ,0 0 -
1 .0 0 -
BHb-NIP BHb-MIP BHb-NlP BHb-MIP SHb-NIP BHb-MIP 
(Cyt C Rdoad) (Cyt C Reload) (Myo Reload) (Myo Reload) (BHb Reload) (BHb Reload)
Fig. 3. Selectivity study: wash, load and elution profile obtained when re­
binding cytochrome C and myoglobin upon a BHb selective HydroMIP (and 
HydroNIP control). All values are means o f duplicate experiments with the 
error bars representing the two “actual” results for each data set.
HydroMIP (and HydroNIP control). There is a high corre­
lation in wash and elution trends between the MIP and NIP 
for the structural analogues. As the MIP is behaving in a 
similar fashion to the NIP for the non-specific proteins, it is a 
clear indication that the BHb HydroMIP shows little selectiv­
ity or specificity for proteins other than the original template 
molecule. This clearly demonstrates that the MIP cavities are 
discriminating on the basis o f molecular shape and not size.
5. Conclusions
We have described the development and optimisation of a 
reproducible method for removing the template protein BHb 
from a polyacrylamide imprinted HydroMIP. A SDS:AcOH 
ratio of 10%: 10% was found to be most efficient in terms
of template removal, with 90% of subsequently reloaded 
template, selectively rebinding within the imprinted matrix. 
Trypsin has also been identified itself as an excellent candi­
date for use as a template removal strategy, but further in­
vestigation into improving the imprinting effect is needed. 
The HydroMIP exhibited specific selectivity to the template 
molecule over structurally similar proteins. This novel tech­
nology has the potential to play an important role in many 
varied applications, most notably as a specific sensing region 
in novel HydroMIP-based sensor strategies for the rapid de­
termination of protein markers indicative of disease states.
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We have employed FITC—albumin as the protein template molecule in an aqueous phase molecular imprinted 
polymer (HydroMIP) strategy. For the first time, the use of a fluorescently labeled template is reported, with 
subsequent characterization of the smart material to show that the HydroMIP possesses a significant molecular 
memory in comparison to that of the nonimprinted control polymer (HydroNIP). The imaging of the FITC— 
albumin imprinted HydroMIP using confocal microscopy is described, with the in situ removal of the imprinted 
protein displayed in terms of observed changes in the fluorescence of the imprinted polymer, both before and 
after template elution (using a 10% SDS/10% AcOH (w/v) solution). We also report the imaging of a bovine 
hemoglobin (BHb) imprinted HydroMIP using two-photon confocal microscopy and describe the effects of template 
elution upon protein autofluorescence. The findings further contribute to the understanding of aqueous phase 
molecular imprinting protocols and document the use of fluorescence as a useful tool in template labeling/detection 
and novel imaging strategies.
Introduction
The continual need for novel, inexpensive, fast, and efficient 
diagnostic methods within the pharmaceutical, clinical, and other 
sectors has fuelled much research into the development of highly 
sensitive analytical procedures. In some methodologies, selective 
and sensitive procedures require sophisticated and expensive 
equipment, as well as skilled operatives. An alternative approach 
is the development of highly selective capture reagents such as 
antibodies or artificial antibody mimics, such as molecularly 
imprinted polymers (MIPs). MlPs have become an important 
tool in the preparation of artificial and robust recognition 
materials that are capable of mimicking natural systems. When 
compared to molecular recognition products such as antibodies, 
MIPs bring advantages such as durability, specificity, and ease 
of mass production that have previously not been offered by 
alternative techniques.
The principle of molecular imprinting (Ml) relies on the 
formation of a host—guest complex between a template molecule 
of interest and one or more functional monomers. The template 
is allowed to associate with the functional monomers in an 
appropriate solvent, and a plethora of noncovalent interactions 
is formed. Upon the addition of a cross-linking agent and 
subsequent polymerization, a rigid, highly cross-linked polymer 
matr ix is formed that encapsulates the template molecule within. 
After removing the template molecule, an imprint remains, 
which is complimentary to the original molecule in terms of 
shape, size, and distribution of charge.
* Corresponding author. Tel.: + 4 4  (0)1483 68 6396; fax: + 44  (0)- 
1483 68 6401; e-mail: s.reddy@surrey.ac.uk.
t University o f Surrey.
t Texas A&M University-Health Science Center.
§ Microscopy and Imaging Center, Texas A&M University.
Despite the promise that MI holds as an analytical technique, 
its application has been largely reserved for the imprinting of 
low molecular weight molecules and has failed to compete with 
the more established immunological based techniques that are 
currently widely employed for the detection of macromolecular 
templates, especially proteins. This has occurred primarily due 
to the reliance upon organic solvents to promote the formation 
of the host—guest interactions that govern the technique. As a 
direct result, the imprinting of molecules of biological signifi­
cance has proven to be particularly problematic, and conse­
quently, the progression of the technique into a clinical or 
commercial setting has been hampered.
Progression and development of the use of MIPs as an 
analytical device depends on the successful synthesis of 
chemically and mechanically stable MIPs in aqueous media that 
demonstrate the ability to specifically and selectively recognize 
biological molecules. Polyacrylamide hydrogels are beginning 
to gain popularity as suitable aqueous based matrixes for MIPs, 
and the optimization of imprinting protocols for a number of 
biological molecules of significance has been successfully 
achieved. These aqueous phase MIPs or HydroMIPs hold 
much promise for the future development of novel sensing 
strategies for a whole host of biological molecules. Most studies 
on MIPs concentrate on selective binding and rebinding of the 
template molecule. Few studies directly demonstrate the archi­
tecture of the cavities formed. Studies such as these reported 
here should help explain some of the unexpected selectivity 
previously reported for MIPs.'*
In recent decades, the emergence of fluorescent proteins has 
initiated a revolution in the study of biological processes ranging 
from gene expression at the cellular level to systems physiology. 
However, it is the recent technical advances in quantitative 
imaging of these fluorescent bodies using confocal microscopy.
10.1021/bm060494d CCC; $33.50 © 2006 American Chemical Society
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the bona fide gold standard imaging technique in biology, that 
has truly advanced our knowledge. MI may potentially play a 
key role in the development of detection techniques for 
fluorescent or fluorescently labeled molecules, and the robust 
ability to engineer HydroMIPs should enable the rapid progres­
sion and commercial development of diagnostic tests based upon 
the utilization of HydroMIPs as the selective recognition element 
of a biosensor strategy.
Many modern imaging techniques, although extremely pow­
erful in nature, require a great deal of sample preparation, which 
is necessary to enable analysis under high vacuums. Confocal 
microscopy requires little sample preparation and can be 
operated in ambient surroundings without the constraints of 
specific experimental parameters. Therefore, the structure of the 
polyacrylamide hydrogels, as well as biological template 
molecules that may be embedded within the polymer matrix, 
can potentially be visualized in their native form, and consid­
erations regarding the effects of sample preparation upon the 
degradation of sample structure are minimized. Additionally, 
the capability of being able to image both fluorescent and 
autofluorescent molecules, combined with the technical advan­
tages such as imaging with reduced out-of-focus light, control­
lable depth of field, and real-time image acquisition, make 
confocal microscopy a highly powerful analytical tool.
To date, little work has been conducted regarding the 
molecular imprinting of fluorescent molecules, primarily due 
to the inherent disadvantages of the technique as discussed. 
Fluorescent functional monomers have been investigated for the 
imprinting of a variety of small molecules, where fluorescence 
intensity alters upon a specific binding event or template—cavity 
interaction.^"  ^Fluorescent detection of small organic template 
molecules has been extensively employed in different forms,* ’^** 
and hydrogels have been imaged using confocal microscopy 
and employed in a variety of differing functional roles.*^" *'* 
Additionally, fluorescently labeled hydrogels have also been 
imaged using confocal microscopy, with the swelling charac­
teristics, quenching effects, and thermo-responsive nature of 
polyacrylamide gels being of particular interest.
Albumin is a large and robust protein molecule suitable for 
aqueous phase molecular imprinting as it is a clinically 
significant biomarker of a variety of pathophysiological condi­
tions, and detection of such a molecule would further develop 
the understanding of HydroMIPs as novel recognition materials. 
Fluorescein is a fluorophore commonly used in microscopy, with 
the reactive fluorescein isothiocyanate derivative (FITC) used 
to label and track biological molecules in various microscopy 
applications. Conjugation of FITC to proteins such as albumin 
occurs via primary amines (lysines) and results in between eight 
and 12 FITC conjugates to each protein molecule.
Up to now, confocal microscopy has not been employed to 
image the presence of fluorescent template molecules within 
the aqueous phase molecularly imprinted polymers. We report 
on the design and manufacture of a polyacrylamide based 
HydroMIP for an FITC labeled albumin template molecule and 
detail its stnicture using confocal microscopy. We also report 
the confocal analysis of a bovine hemoglobin (BHb) specific 
HydroMIP and detail the effects of in situ elution of the template 
molecule from the HydroMIP matrix.
Experimental Procedures
HydroMIP Production. BHb (12 mg), acrylamide (54 mg), NJN'- 
methylenebisacrylamide (6 mg), and 10 /iL of 10% (w/v) ammonium 
persulfate (APS) were dissolved in 1 mL of reverse osmosis (RO) water
in a 7 mL polystyrene/polyethylene bijou. A total of 20 f ih  of 5% (v/ 
v) A/,A ,^/V'iM-tetramethylethyldiamine was added, and the solution was 
deoxygenated by purging with nitrogen for 5 min. Polymerization 
occurred overnight at room temperature to give a polymer hydrogel 
that possessed a final cross-linking concentration of 10% (quantified 
in terms of the amount of cross-linker in relation to the total monomer 
composition o f the gel). FITC—albumin gels were also prepared in an 
identical manner (using 6 mg of protein), and nonimprinted control 
gels were made in the absence of both BHb and FITC—albumin. 
Characterization of the imprinting effect exhibited by the BHb specific 
HydroMIPs has previously been described by the authors.^
Characterization of FITC—Albumin Imprinting Effect. FITC— 
albumin gels were granulated by passing through a 75 //m sieve 
(Endecotts Ltd, London, U.K.), were transferred to 10 mL polystyrene/ 
polyethylene centrifuge tubes, and were washed with five 2 mL volumes 
of RO water followed by five 2 mL volumes of a 10% (w/v) sodium 
dodecyl sulfate/acetic acid (SDS/AcOH) eluant (purchased from Sigma 
(Poole, U.K.) and Fisher Scientific (Loughborough, U.K.), respectively). 
Each wash/aelution step was performed by centrifugation at 3000 rpm 
for 5 min using a Centaur II centrifuge (Fisher Scientific, Loughbor­
ough, U.K.), with all supernatant fractions extracted by a pipet and 
collected for analysis.
Calibration curves (0—0.3 mg/mL) were prepared for FITC— 
albumin, in the respective wash and elution solvents used, allowing 
the accurate measurement of template removal imder the corresponding 
acid/surfactant conditions. The FITC—albumin concentration of the 
calibration standards and all experimentally derived wash/elution 
fractions were determined by pipetting 200 fxL of each solution into 
white 96-well plates (Fisher Scientific, Loughborough, U.K.) and 
analyzing them on a PerkinElmer 1420 Multilabel Counter utilizing 
the automated FITC parameter (485 nm/535 nm).
Cryosectioning of HydroMIPs (and HydroNIP Controls). Bllb 
and FITC—albumin HydroMIPs and nonimprinted polymers (NlPs) 
were prepared as detailed. The 1 cm  ^gel samples were cut with a clean 
razor blade before being sectioned on a Lipshaw L500A Cryostat 
(Lipshaw, Pittsburgh, PA). The gel samples were mounted on the 
cryostat chuck within a M-1 embedding medium (Lipshaw, Pittsburgh, 
PA). The sample was allowed to freeze (0 °C) in the cryostat chamber 
for 10 min, before the chuck was mounted on the cutting arm. Sections 
(1 fira) were carefully cut and collected on clean microscope slides 
and stored in a humid chamber to ensure that the gel sections did not 
dry out.
Image Collection and Analysis of FITC—Albumin and BHb 
HydroMIPs. All images of cryosectioned HydroMIPs and HydroNIP 
controls were collected using a Leica TCS SP2 AOBS spectral confocal 
microscope equipped with a Leica DMIRE 2 inverted microscope with 
three internal and two external photomultiplier tubes (PMTs). A MaiTai 
laser (Spectra Physics, Mountain View, CA) was incorporated by direct 
optical coupling, adding a two-photon excitation mode to the Leica 
confocal system. FITC—albumin HydroMIP images were collected 
using a PL APO CS 63 x HP 1.4 WD lOO/fm oil immersion objective 
lens. All images were 512 pixels x 512 pixels in size (238 p,m  x 238 
fim ) and had a 12-bit pixel depth. The image analysis was performed 
using Adobe Photoshop. BHb autofluorescence images were collected 
using the MaiTai multiphoton laser source using the same objective as 
before. The sample was excited at 810 nm, and the fluorescent emission 
was collected between 410 and 590 nm. In all instances, control images 
of nonimprinted gels were obtained at identical experimental parameters 
to that of the respective HydroMIPs.
BHb Autofluorescence Controls. A 12 mg/mL solution of BHb in 
RO water was made. A 100 /iL aliquot was pipetted onto a microscope 
slide and imaged using the MaiTai two-photon laser source using an 
oil source objective as before. The sample was excited at 810 nm, and 
the fluorescent emission was collected between 410 and 590 nm. Upon 
capturing the image, 100 p L  of a 10% (v/v) acetic acid (AcOH) solution 
containing 10% (w/v) sodium dodecyl sulfate (SDS) was added to the 
BHb solution. An image was again captured in real-time at identical
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Table 1. Comparison of Percentage Distribution of Recovered 
Protein between FITC-Albumin Imprinted HydroMIP and
% distribution of recovered protein
protein load wash elution
MIP 16.8 25.9 57.3
NIP 77.5 22.5 0
^The MIP effect is characterized in terms of the observed percentage 
distribution of FITC-album in, following the reloading, washing, and elution 
of the protein from the HydroMIP.
experimental parameters. Control im ages o f  the AcO H /SDS solution 
were also obtained.
Results and Discussion
One of the key elements of any Ml process is the quantifica­
tion of an imprinting effect exhibited by the HydroMIP, in 
relation to a HydroNIP control. Detection of protein in the wash 
and elution phases is indicative of certain MIP or NIP 
characteristics. The detection of protein in the load phase 
indicates that the protein has not bound within molecularly 
imprinted cavities in the gel. If the protein is detected in the 
water-only wash phase, it is likely that specific binding with 
molecularly imprinted cavities has not occuncd. Evidence of 
protein in the elution phase (after load and wash) is most 
indicative of an imprinting effect, as a protein that has been 
selectively rebound within imprinted cavities will be eluted and 
detected in this phase. Detection of large amounts of protein in 
the elution phase (relative to the load and wash phases) suggests 
that a molecular imprint has been formed, and conversely, 
elution of little protein suggests that no specific binding of the 
protein occurred and that no molecular imprint was originally 
made. It is of great importance to display a significant retention 
effect of the template by the MIP, when compared to that of 
the NIP.
Table 1 shows the distribution of recovered protein, having 
reloaded FITC—albumin onto both a FITC-albumin HydroMIP 
and nonimprinted HydroNIP control. The NIP behaved in a 
typical manner, with >75% of the protein detected following 
the initial load and the remainder in the subsequent water 
washes. No protein was detected in the elution phase, indieating 
that no nonspecific binding occurred. The HydroMIP also 
behaved in the predicted manner, with significantly less FITC- 
albumin being detected in the initial load or subsequent wash 
phases (16.8 and 25.9%, respectively). The rebinding studies 
show that 57% of reloaded protein was detected in the elution 
phase. This strongly suggests that the reloaded FITC-albumin 
was bound within the molecularly imprinted cavities that had 
formed and subsequently been exposed following elution of the 
original template molecule.
All confocal images were taken of the hydrogel based 
materials in their natural forms, with no physical manipulation 
of the gels being performed. Following polymerization of the 
molecularly imprinted polymers, 1 pm  thin sections were cut 
upon a cryostat, thawed, and then imaged. This minimalist 
approach to sample preparation not only allowed the imaging 
of the material in a native state but allowed the real-time in 
situ analysis of template removal events, as the structure had 
not been altered in a manner that would affect such phenomena.
Figure la shows a confocal micrograph projection image of 
an FITC labeled albumin imprinted HydroMIP. The highly 
cross-linked polyacrylamide structure is evident, with large 
aqueous voids interspacing the polymer matrix. The fluorescence
Figure 1. (a) Confocal intensity projection of an FITC-albumin 
imprinted HydroMIP image stack (18 optical sections) acquired with 
a z-step of 0.3 p m  and an image size of 238 ,um x 238 ,wm. (b) A 
confocal HydroNIP control image acquired at the same conditions 
as panel a.
that is evident relates to the FITC conjugates upon the imprinted 
albumin template, which have been entrapped within the 
polyacrylamide matrix during the free radical polymerization 
procedure used to formulate the material. As approximately eight 
to 12 FITC molecules are covalently conjugated to each albumin 
molecule, it is not appropriate to assume that each fluorescent 
molecule relates to a single protein specific cavity. However, 
the aggregation of fluorescent bodies is evidence of the existence 
of a template protein embedded within the polyacrylamide 
material, occupying a molecularly imprinted cavity. Further­
more, the fact that fluorescence occurs within the hydrogel 
structure only and not the interspatial voids further suggests 
that that the protein is entrapped solely within the polymer 
matrix. This supports the quantitative characterization of Table 
1 and strongly suggests that fluorescence is an indication of 
molecularly imprinted sites. Figure lb is an image of a 
nonimprinted polymer control taken at identical experimental 
parameters as in Figure la. The distinct lack of any fluorescence 
indicates that the fluorescence observed in Figure la is due to 
the FITC conjugated protein and not autofluorescence exhibited 
by the polymer material.
The molecularly imprinted materials that have been developed 
hold much promise for use in many different applications when 
employed as a spécifié and selective molecular recognition 
material. In order for a binding event to occur between a target 
template molecule and an imprinted cavity, the original template 
molecule in which the polymer eavity complex was initially 
formed must first be removed. This template removal is a key 
element in any molecular imprinting protocol and has been 
optimized in the aqueous phase as we have previously reported.  ^
SDS/AcOH has proven to be an excellent dénaturation solvent 
for protein imprinting in the aqueous phase. Figure 2a shows a 
confocal micrograph image of a FITC-albumin imprinted 
HydroMIP. As in Figure la, the fluorescent structure (which 
relates to the imprinted protein molecules) and polymer cross- 
linking are clearly evident, indicating the uniform and reprodue- 
ible nature of the material. Figure 2b is an image taken in the 
same focal plane, field of view, and experimental parameters 
as Figure 2a, following the addition of 50 pL  of a 10%SDS/ 
10%AcOH (w/v) dénaturation solvent. An instant and almost 
total decrease in fluorescence was observed and occurred due 
to the structural dénaturation of the template protein.
The unfolding of the template molecule was caused by the 
combinative chaotropic action of the acetic acid and SDS 
surfactant solution (with the latter being above the critical 
micelle concentration (CMC)), which acted to unravel the 
globular protein structure, and as a result, the fluorescence 
decreased as the template molecule was removed from the
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m
Figure 2. (a) Confocal image of an FITC-albumin imprinted HydroMIP. (b) A confocal image of an FITC-albumin imprinted HydroMIP (panel 
a) acquired following the addition of 50 pL  of 10% SDS/10% AcOH (w/v). (c) A confocal image, identical to panel b, having been optically 
enhanced. The maximum pixel intensity was 2.5:2, with a y  value of 1:2. The profound decrease in fluorescence observed following the addition 
of the dénaturation solvent was due to the removal of FITC-albumin from within the molecularly imprinted cavities of the polymer.
imprinted polymer. Figure 2c is identical to that of Figure 2b 
but has undergone post-capture optical enhancement using 
Adobe Photoshop. By enhancing the image intensity, it is 
possible to clearly identify the cross-linked structure of the 
hydrogel, which appears highly similar to that of Figure 2b, 
clearly demonstrating identical structural features distinguishable 
in both images. This is evidence alone that the gel network does 
not collapse and that the decrease in fluorescence is a direct 
indication of template removal. The fluorescent template 
molecule has been removed to a great extent; however, residual 
protein remains within the material and is responsible for the 
low level fluorescence exhibited. This suggests that not all of 
the template molecule has been removed. However, as detailed, 
the HydroMIPs imaged in this instance are in their natural form, 
and additional measures involving gel crushing and washing 
are taken to ensure that maximal template removal occurs when 
the material is employed in a molecular imprinting protocol.
Additionally, although the majority of polymer/template interac­
tions are noncovalent in nature, a certain amount of covalent 
interactions also occur due to the free radical nature of the 
polymerization reaction, resulting in a certain degree of ir­
reversibly bound template molecule, which would contribute 
to the fluorescence observed in Figure 2c. Control images of 
nonimprinted polymers were taken at identical experimental 
parameters to those of Figure 2a—c with no fluorescence evident 
whatsoever (not shown).
To date, much understanding and knowledge of aqueous 
phase molecular imprinting protocols has been gained through 
the investigation of the imprinting of heme-containing protein 
molecules.''^ Hemoglobin is a relatively large globular serum 
protein, much like albumin, that plays a key physiological role 
in oxygen transportation and is an important indicator of 
differing blood disorders. Although the need for novel sensing 
strategies for hemoglobin based conditions is not immediately 
apparent, the optimization and understanding of imprinting 
protocols for molecules such as albumin and hemoglobin should 
aid understanding of how to optimize MIP synthesis for other 
clinically significant biological molecules.^
Unlike FITC labeled albumin, hemoglobin is not a highly 
fluorescent molecule. However, hemoglobin does exhibit a 
certain degree of natural fluorescence, or autofluorescence, that 
can be imaged using an appropriate combination of filters. By 
definition, autofluorescence is the fluorescence of a molecule 
to which no chemical substances have been applied and naturally 
evokes the emission of light at a higher wavelength to that of 
the light in which it was excited. The hemoglobin structure 
occurs as a result of the coordinated synthesis of a heme and 
globin group. Heme is synthesized following a series of complex 
mitochondria] enzymatic reactions, and following transportation
Figure 3. (a) Two-photon intensity projection of a BHb imprinted 
HydroMIP image stack (26 optical sections) acquired with a z-step 
of 0.3 pm.  (b) A two-photon intensity projection of a BHb imprinted 
HydroMIP (panel a) acquired following the addition of 50 pL  of 10% 
SDS/10% AcOH (w/v).
to the cytosol, a reaction occurs with a protoporphyrin IX 
molecule. Protoporphyrin IX is a tetrapyrolie pigment, which 
like all porphyrins exhibits natural autofluorescence, that in this 
application can be used to image the hemoglobin template 
molecule entrapped within the polymer matrix.
The hemoglobin HydroMIP was illuminated at 810 nm using 
the Mai-Tai laser. Two-photon excitation of a fluorophore takes 
place when two photons are simultaneously absorbed by a 
fluorophore and result in the excitation of the fluorophore to a 
higher energy level that reflects the sum of the energy of the 
two arriving photons.*®
Figure 3a is a confocal micrograph projection image of a BHb 
imprinted HydroMIP. Much like the corresponding FITC- 
albumin image (Figure 2a), a clearly defined cross-linked 
polyacrylamide structure is evident, upon which fluorescence 
relates directly to the template protein imprinted within. Again, 
fluorescence is specific to the polymer structure with no free 
protein evident within the interspatial voids. Figure 3b is a 
confocal image taken at the same focal plane, field of view, 
and experimental parameters as Figure 3 a following the addition 
of 50 pL  of a 10%SDS/10%AcOH (w/v) dénaturation solvent. 
An instant increase in autofluorescence is immediately observed. 
This differs greatly from the effect noted upon the addition of 
the dénaturation solvent to the FITC-albumin HydroMIP where 
fluorescence decreased dramatically. This can be explained upon 
considering the highly folded quaternary structure of the 
protein.** Upon dénaturation and unfolding of the structure, the 
molecule exposes an iron atom within the core of each of its 
four molecular subunits.*  ^ The iron, or heme group, is held in 
place by the naturally fluorescing heterocyclic porphyrin 
molecule that is quenched when the protein is in its highly folded 
globular form.^ ** In effect, the dénaturation and removal of the
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Figure 4. (a) Two-photon image of a 12 mg/mL BHb solution (in RO 
water), (b) A two-photon image of a 12 mg/mL BHb solution (in RO 
water) following the addition of 50 pL  of 10% SDS/10% AcOH (w/v).
protein molecule from the HydroMIP structure increases au­
tofluorescence due to the unquenching of the autofluorescing 
protoporphyrin IX complex. Further evidenee to support this 
theory was obtained by conducting control experiments.
A 12 mg/mL hemoglobin solution was made and imaged 
using multiphoton confocal microscopy as previously described 
(Figure 4a). As expected, the resulting image shows a homo­
geneously distributed autofluorescence, with localized regions 
of inereased fluorescent intensity, that can be attributed to the 
incomplete dissolution of the concentrated protein in solution. 
Figure 4b is an image taken at the same focal plane, field of 
view, and experimental parameters as Figure 4a following the 
addition of 50 pL  of a 10%SDS/10%AcOH (w/v) dénaturation 
solvent. A marked increase in autofluorescence is observed that 
can be attributed to the unquenching of the porphyrin moieties 
as discussed.
Conclusion
We report the design and development of an aqueous phase 
HydroMIP for a fluorescently labeled protein molecule of 
clinical significance. The quantification of the imprinting effect 
has been successfully performed, and the selective recognition 
material has been imaged using confocal microscopy. The 
resulting information further adds to our understanding of 
aqueous phase molecular imprinting protocols, with the suc­
cessful in situ imaging of real-time protein dénaturation events 
being of particular worth.
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